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_;£ This raport presents an engineering analysis of the possiljllttiea -of 


..-_ _ desi^iiii,*-. a ^ac-aade uatollHe. Ifa fjiiestlons of powtf plants, Struc- 


tural TCij:ht3, aultlplc stages, optlaua deeijpi values^ trajectories, ■ 


' \ staMlitfj'aRd lB.i31a^ere"e)iisiteP<!a iB SstaU, "The results fiT9 uaed 


to furnish designs' *or to proposed vehicles. The first is ej'our 


■'- stege rocfcet using alcohol and liquid oxygen as a-opelleaU.' The second . . 




pellants. The latter rocket offers better specific consumption Pttes, 


but this Is fountf to bs psTtially-'offset ty the greater structural ';' > 


wrtaht Mcaasitfltad by the use of hydrogen. It is eoflClufoQ: that 


; sodern teohnalosj has advanced to a point shers it sss appears fooslblo ■" 


to undertfilte the rfcslja of a satellite vehicle. 
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In ttds report, we have undertaken a conservative and realistic 
engineering appraisal of the possibilities of building a spaceship 
jtfiich mil circle the earth as a satellite. The mric has been based on 
our present state of technological advancement and has not included such 
. possible future developments as atomic energy. 

If a vehicle can be accelerated to a speed of about 17,000 nup.h. 
and aimed properly, it will revolve on a great circle path =bove the 
earth's atmosphere as a ne» satellite. The centrifugal force will just 
balance the pull of gravity, such a vehicle rtill make a complete cir- 
cuit of the earth in approximately 1-1/2 hours. Of ell the possible or- 
bits, Eost of them Tall not pass over the- sane ground stations on succf 5- 
sive circuits becaise the earth sill 'turn about 1/16 of a turn under the 
orbit duiinf each circuit, Tbe eoaator is the only such repeating path 
and consequently is reeoEzsended Tor. early attempts at establishing satel- 
lites so that a single set of teleaetering stations may be used. 

Such a vehicle nil! undoubtedly prove to be of great military value. 
However, the present study was. centered around a vehicle to be used in 
obtaining' raich desired scientific information on cosmic rays, gravita- 
tion, geophysics, terrestrial msgneti sn, astronomy, meteorology, and pro- 
perties of the upper atraoSphere. For this puroose,' a payload of 5'-HJ lbs. 
and 20 CU ft. was selected as a reasonable estimate of the reouiraients 
for scientific apparatus capable of obtaining results sufficiently far- 
reaching to make the undertaking worthwhile. It was found necessary to 
establish the or-hit at an altitude of about 300 miles to insure sufficiently 
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low drag so that the vehicle coald travel for 10 days or niore, mth- t 
oat power* before losing satellite, speed. 

The only type of 'power plant capable of accelerating & vehicle to, j 
a speed of 17,000 s.p,b, on the outer limits of the atmosphere is the 
rocket. The tw most Important performance characteristics of a rocket 
vehicle are the exhaust velocity of the rocket and the ratio of the 
weight of propellanta to the gross weight. Very careful studies were 
nade to establish engineering estimates of the values that can be ob- 
; tained for these two characteristics. 

The study, of rocket perforaance indicated that itfiile liquid hydro- 
gen ranks highest among fuels having laige exhaust velocities, its low 
density, low temperature a&d-rade explosive range cause great trouble 
in engineering design.. On the other hand, slcohol though having a loiter 
e.*diau3t T velocity, has the benefit of extensive development in the Genusn 
■Y-2. Consequently it stas decided to conduct parallel preliminary design 
studies of vehicles using liquid hydrogen-liquid o^rgen and alcohol- 
liquid oxygen as propellents. 

It has been frequently assumed in the past that structural vreight 
ratios become increasingly favorable as rockets increase in size, and 
fixed weight- Itaas-jsuch as radio equipment become insignificant weight 
items. However, the study of weight ratios indicated that for large siaes 
the Height -of tanks and similar items actually becoae less favorable. 
Consequently, there is an optimum middle range of sizes. Improvements 
in weight ratios over that of the Geraan V-2 are possible only by the 
slow process'of technological development, not by the brute force methods 
of increase in size. This study showed that an alcohol-oxygen vehicle 
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could be built utoe aiUre structural weight (including motors, con- 
, trols, etc) was about 16? of tne gross weight. On the other hand, 
the difficulties with liquid hydrogen, such as increased tank sue, 
. necessitated an entire structural weight of. about 1% of the gross 
weight. These studies also indicated Uiat a maximum acceleration of 
about 6.5 tines that of gravity gave the best overall performance for 
tie vehicles considered. If the acceleration is greater, the increased 
structural design loads increase the structural weight. If the accelera- 
tion is less, rocket thrast is inefficiently used to support the weight 
■of the vehicle- without producing the desired acceleration. 

Using the above results, it was found that neither hydrogetHMygen 
nor alcohol-oxsgen is capable of accelerating a single unassisted vehicle 
to orbital speeds. 9y the use of a railti -stage rocket, these velocities 
can be attained by vehicles feasible within t'ua limits of our present 
fcnoT&edge, To illustrate the concept of a ailti-sta-se rocket, first con- 
sider a vehicle composed of t» parts. The primary vehicle, complete 
with its rocket motor, tanks, propellants and controls is carried along 
as the "payload" of a similar vehicle of such greater sise. The rocket 
of the large vehicle is used to accelerate the combination to as great 
a speed as possible, after riiich, the large vehicle is discarded and the 
snail vehicle accelerates under its own poser, adding its velocity in- 
crease to that of the large vehicle. By this means we have obtained in' 
effective decrease in the amount of structural weight that must be ac- 
celerated to high speeds. This same idea can be used in designing ve- 
hicles with a greater muaber of stages. A careful analysis of tne ad- 
vantages of staging showed that for a given set of performance requirement 
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an optimum number of stages exists. If. the stages are too few in rmt- 
■ her, the required velocities can be attained only by the undesirable 
process of exchanging payload for fuel. If fchey are too many, the mul- 
tiplication of tanks, fcofcors, etc. eliminates any possible gain in the 
effective weight ratio. For the alcohol-oxygen rocket it was found that 
'four stsges irere best. For the hydrogen-oxygen rocket, preliminary analy- 
sis indicated that the best choice for the niMber of stages was two, but 
reflneaents shosed the optimum number of stages 1753 three. Unfortunately, 
insufficient time was available to change the design, so the raoric on the 
hy<*rogen-oxygen *as completed usiagtra stages. The characteristics of 
the veMcles studies are tabulated below, fetches of the vehicles are 
shorn on the drawings .preceding page 203- 

■Vehicle Powered by Alcohol-Oxygen Rockets 
Stage 1 ' 2 3 4 



Cross lit. (lbs.) 


233,669 


53,689 11,829 


Height less fuel (lbs.) 


93,669 


21,439 4,729 


Paytad(lbs.) 


53,689 


11,829 -2,363 


!3ax. Disaster (in.) 


157 


138 105 




vehicle Powered by Hydrogen-Oxyfje 


Stage 


1 


2 


Gross St. (lbs.) 


291,56t 


15,364 


Height less fuel (lbs.) 


84,564 


4,464 


Payload (lbs.) 


15,364 


500 


Max. Diameter (in.) 


243 


167 



(had Vires stafes been used for the hydrogen-oxygen rockets, the overall* 
gross vrei^it of this vehicle could have been reduced to about 84,000 lbs: 
indicating this combination should be given serious consideration in any. 
future study). 

In arriving at the above design Enures, a detailed study was made *: 
of ttie effects of exhaust Velocity, structural weight, gravity, drag, 
acceleration, ilipt path inclination, and relative size of stages on the 
perfotuSMe of the vehicles so that an optinnun design could be achieved " 
or reasonable cQfflprOOiSes made. 

It hss found that the vehicle could best be guided during its ac- 
celerated flight by mounting Control surfaces in Uie rocket jets aid ro- 
tating the entire vehicle so that lateral co^onents of the jet thrust 
could be used to produce the desired control forces. It is planned to 
fire the rocket vertically upsard for several iniles and then gradually 
curve the flight path over in the direction in wuch it is desired that 
the vehicle shall travel. In order to establish the vehicle on an orbit 
at an altitude of about 30O eiles without using excessive aniounts of con- 
trol it was found desirable to allow the vehicle to coast without thrust 
on an extended elliptic arc just preceding the firing of the rocket of 
the last stage. As the vehicle approaches the suiosit of this arc, vihich 
is at the final altitude, the rocket of the last stage is fired and the 
vehicle is-accelerated so that it beeones a freely revolving satellite. 

It was shown that excessive siounts of rocket propellants are r<N 
quired to make corrections if the orbit is incorrectly established in 
direction or in velocity. Therefore, considerable attention was devoted 
to the stability and control problem during the acceleration to orbital 
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speeds, Jt was concluded that the orbit could be established with suf- 
ficient precision so that 'the vehicle would not inadvertently re-eater 
the atmosphere because of si eccentric orbit. 

Once the vehicle has been established on its orbit, the questions 
arise a3 to what are- the possibilities of damage by meteorites, wiat ten- . 
peratures will it experience,, and can its orientation in space be con- 
trolled? Although the probability of being hit by veiy mill meteorites 
is great, it uas found that by using reasonable thickness plating, ade- 
quate protection could be obtained against all seteorites up to a size 
tfhere the freaiency of occurrence was very snail. The temperatures of 
the satellite vehicle, mil raige frac about 40°F when it is on the side 
of the earth facing the 'sun to about -50°? rniea it is in the earth's 
shadow. Sither Snail flywheels or small jets of craoressed gas appear to 
offer feasible cethods of controlling the vehicle's orientation after the 
cessation of rocket thrust. 

An investigation was" isade of the possibility of safely landing the 
vehicle without allowing it to enter the ataosphere at such great speeds 
that it sould be destroyed by the heat of air resistance. It was found 
that by the use of sings on the small final vehicle, the rate of descent 
could be controlled so that the heat sould be dissipated by radiation at 
temperatures the structure could safely withstand, these sss-s irin^s 
could be used to 1-and the vehicle o,n the' surface of the earth. 

An interesting outcome of the study is that the maximum acceleration 
and temperatures can be kept within Units mich can be safely withstood 
by a human being. Since the Vehicle is not likely to be damaged by 
meteorites and can be safely brought back to earth, there is jood renson 
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to hope that future satellite vehicles sill be built to carry huaan 

It has been estimated that to design, construct and launch a satel- 
lite vehicle sill cost about $15Q,Q0Q 3 (K}Q, Such an uadertaldng could be 
accomplished in approximately 5 years tine. The .launching would probably 
be made from one. of. the Pacific islaiic's near the equator. A series of 
telemetering stations .would be established around the equator to obtain 
the date froa the scientific apparatus contained in the vehicle. The 
first vehicles niIl..piDbabiy be allowed to bum up on plunging back into 
the atmosphere. Later vehicles tall be designed so that they can be 
brought back to earth. Such vehicles can be used either as long range 
aiissiles or for carrying hwai beings. 
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Technology and experience hara now reached the point where It Is 
possible to design and construct craft which can penetrate the atmoa- 
pflflra- and achieve ouffieient velocity to become satellites of the 
earth. This Btatejwnt is docuoentBd in this report, which, is a de- 
?. sign study for a satellite vehicle Judiciously based on German ei- 
perieis'e with V-2, and which relies for its suecess only on sound 
engineering dflTelopaent which can logically be expected as a conse- 
quence of intensive application to 'this effort* The craft which would, 
wsult froffl such an undertaKlng .would almost certainly do the job of 
becoming a satellite, but it -would clearly be bulky, expensive, and 
inefficient in terms of the spaceship m shall he able to design after 
twanty years of ■intensive work in thia field. la flaking the decision 
as to whether or not to undertake construction of such a craft now, 
it le not inappropriate to view our present situation as similar to 
that in airplanes prior to the flight of the Aright brothers. Vfe can 
see no more clearly all tha utility and implications of spaceships 
than the Wright brothers could see fleets of B-29's boshing Japan and 
■■ air transports circling the globe, 

Though tha crystal ball is cloudy, two things seem clear: 
1, A satellite vehicle with appropriate instrusBntatloa can be 
expected <■* be one of the nost potent scientific tools of 
the Twentieth Century, 
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2, The gchieyaEHnt of a satellite craft by the United States 
would* inflass the imagination of mankind, and would probably : 
produce repercussions in the world comparable tb ; the ezpio- * 
aion of tile atomic bomb. , 
Chapter 2 of this report attempts to indicate briefly some of the 
concrete results to to derived from a spaceship which eirolss the world 
on a. stable orbit. 

As the first major aefivity iut&r contract tJ33-Q3aAC-HiQ5, m 
have beon asked by tee Air Forces to ezplore the possibilities of asking 
a satellite vehicle, asd to present a program which would aid in the de- 
velopment of such, a vehicle. ,0or approach to this task is along two re- 
lated lines: 

1. To undertake a design study which will evaluate the possibility 
of caking a satellite vehiule using timm mtMs of engineer- 
ing sad propulsion, 

2, To aiplora the fields of scieiea in as atteapt to discover 
and to stimulate roBearch and development along lines which 
will ultimately be of benefit in the design of such s 
satellite vehicle and which will improve its efficiency or 
decrease its complexity and cost. 

This report concerns itself aolsly with the first line of approach. 
It is a practical study based on techniques that wa now know. The 
implications of atomic energy are hot considered here, This and other 
} in the fields of science aay be the Subject of future 
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reports , stolen will cover taa second lino of approach* ; : 


In the pralinlnary design study analytical nethods haw bean 


developed ifliiclt my la 'used as'a hasls f or future studies la this 


uw field of "astromutical ecgiaeeriig. Aoong these are the f ollcw- 


■ lag: ■...-.--...■■ 


1* Analysis -of '-single, aid mlti-stags rocket jerfonanse and 


- astbods fdraaXactlng-theoiitlniQ number of aiagea for any 


glTan' ^plication.- 


S. •DiransioEal analysis of Tarylng size' end gross wlgat of 


xcoiBts, derittng lass. *Mch. ars useful in dealga scaling. 


■ Ease lass are' also of assistance in appraisal of tha' 


affect of shape and proportions on the design of mlsi- 


stage rocists. 


5. The effect of acceleration and iaclication of the trajectory 


on structural wight and perforEsnce of e satellite resist. 


4, Itethods of determining the options trajectory for satellite 


rockets. 


5. Variation of rockst performance «ith altitude and its effect 


on the proportioning of stages. 


6. Preliminary study of effect of ataoBpherie drag on the rocket 


and how it affects the choice of stages, acceleration, and 


trajectory. 


f. Analgia of dynamic stability and control throughout the 


entire trajectory* 



r. tiTttiffelil' frouS&s 'aircraft Company, Inc. 



'^.w.' " ■' Hay 2 , 19J6 J " '"' '" '-^- *&m%mk ■ plant " -„„„ , J1033 



8* Ual&ad of asfe^ landing a satellite vehicle. - .. 

It cannot be mphflsizaa too strongly that the primary contributions 
of this raport^are In nathods, and not in the specific figuraa in this 
design study* Qna point' in particular should be high, limited: - the de- 
5lgB_^0Bp yeigfat, jjhicjt is of the, greatest importance ia esttotjng cost. 

ascertainca single feature in the tftole process. _ This fact ie fundanentel 
ia ths design of a satellite or spaceship, since tha slightest variation 
ia'.aone of the star details of construction or in propulsive efficiency 
of the fuel c»y result &■ b large change in gross neigflt,. Ute fi#nes in 
this report .represent a reasonable ctrawccise hetKeen.tfce effiraes welch, 
are possible sith, the data bk in hand. Sfca sost important thing la that 
a satellite vahiale can be eade at all in the present state of the art. 
2vea our sere conservative engineers agree that It is definitely passible 
to underteko design end construction hob of a vehicle sMeh could become a 
satellite of ths earth. 

Another important result of this design study is the conclusion on 
liquid hydrogen end oiygen as fuel versus liquid oiygaa and alcohol (the 
Oeraane* fuel). 15ie relative narits of these fuels have occasioned spirited 
controversy ever since liquid fuel roefceta have been under developaeat. 
In the past, the fact uhich has clinched : .e arguments has been the diffi- 
culty of hardline, storing, and using liquid hydrogen* Tha present design 
study has approached this subject from another viewpoint. On the assump- 
tion that all these nasty problems cap be solved, a design analysis has 
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been usaGe for the structure and psrfancanie of rockets using both tjpse 
- of fuels.. Bsoauoe of the lov density of lipid hydrogen, the greater 
tan&age vaight and yoIkm' tan&a to oflaot the i&ireafle in specific Jit- ■ 
poXae* Barly la the de-Blgo atndy It ms necessary to make a choice of 
tlie niBiber of stages for both sropofledtehlcloB. Saeed oa tie design 
ttrfonEatiqi aTsllable, a decision vas aada to uss four stages for tha 
alocaol-oiygsn racist asi tso stages for the nydrogsn-oiysan rocket. 
Of tisHs tvo designs, the a2adhol*oiygea rocfcot jtrorsd to be aoEOVhat 
Basilar inveigh* and alia. SoseTorithe jrobleauaa Mer re-eiaainsd, 
when Ears reliable data wera arailable. It raa fonnd that.uMle the 
choice of four stages for alebhol-atygon bad bean nice, lie hydrogea- 
cnygen rociat could oars been substantially- iEarored by using three 
stages, !Ths Jsnrovacant iraa sufficient to indicate that tha three 
stage aydrogsa-oijgai rwket utrald hft?fl baaa. definitely trcperior to the 
fOiff stags alcohol-oiygen rockat. Brfortamstelj, the sark had urcgreEflsd 
■eo far that it vas ispoeeible to* alter tiia nucber of atagea for tha 
hydrogen-oxygen rocket. 

Qae of the Boat inportant conclusiona of tMa design study is that 
in order to achieTO the required parforasaQe it 1b necessary to ca7e 
multi-stage rockets for either tyjo of feel. 3Tae general characteristics 
of loth types are shown in the following table: 



Payloftd yx4 

Stage 1 2 

Grose veight (lie.) 235^9 ■ •&, 



' 1O29 2869 

7,100 I720 
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Payload 500# . 

S tage;! 
Gross wight (Ibb.J 291,564 

Total 7ml Weight Elba.) 217,900 



.15,354 

10,000 



Ths design represents a series of conproiises. ■ Eb payload is ■ 
cfcosea to be as smU as Is consistent idth carrying enough eiperiisiital 
equipBst to achieve significant results. This is done for tfes purpose 
of fcaeijlag the gross weight within reasonable IMts, sirse ths grcaa 
' Taig&t increases rceghiy la proportion to "the payloe& boots a certain 
sininra value, lha deaigi altitude bes originally chosen as 100 siles, 
since previous calculations Indicated that ths ataoapherie drag there - 
sea not great enough to disturb the" orbit of the satellite for a fe<j 
revolutions, end since for ccjsmiicaticns purposes it ttes desirable to 
heap the satellite belb» the ionosphere, 2he core refined drag studies 
ade in the present design study show that these sariy estimates sere 
la serious error, and indicate that the satellite sill have to be es- 
tablished at altitudes of 300 to 400 ailes to insure the completion of 
Htltiple revolutions around the earth. 

It is interesting that the design anafysla shorn that the optimim 
accelerations are frail witaln the Units which the hums body can stand. 
Further, it appears possible to achieve a safe landing «ith the type of 
vehicle, which is required, Future developments may bring an increase 
in payload and decrease in gross weight, sufficient to produce a large 
nBnned spaceship able to accomplish important things in a scientific 
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He tijra now froa the design study phasa to the basic research t - 
auprcsoa of the scientists. ■ Our consultants have all nade suggestions 
which Jaava beaa taken Into oonaidoratioa in the preparation of this 
report^ laths futttra It .is our axpactatioa that .the services of these 
scientists rill.oe of the greatest benafit in plaaaisg sad ialtiatiag^ 
oread research pwgrais to explore as* fuadaESBtal approaches to the 
Btoblea of space travel. 

The Je&l saita tope for the .future of spaceships I3„ of coarse,- ■ 

, gtc&e .energy If this intense somce of energy can be Earaeased for 
rocket propulsion, then spaceships of aoderate sizs and Hgh-parforaeaee 
ess hecota a reality) aad conceivably could aven serve efficiently an 
iatereoatinental transports ia the. resjte future. Be are fortnaata ia 
having the consulting servicea of Brs, Alvarez, IfcHIUan, and. Hdeaonr, 
wall kno*n la ecieatifis circles. Alvarez est J&Killan ware Wo. of 
the tesy am at tha Los Alams laboratory of the Hantottaa Project. 
Kith taa benefit of their advice, we hope to achieve a degree of crape- 
tehee ia the fields of application of auolear energy to propulsioa. 

Alvarez end Rideaosr, who are also radar eiperts, have nade basic 
analyses of the radio end radar problem associated with a satellite. 
These are of sarrtce in planning the new eguipaeat which seems to be 
necessary to pake the satellite a useful tool, 

KlstiaStoflflky, a specialist in physical Chemistry, has made valuable 
auggestiona for the development of new rocket propellents; 
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SeMff has oontrlhute4 »o our tanwledga of tha optiara trajectories 
"to be used' in laahekig thVvahicl6,> 

""" How lEportant'tbaB tke" Ideas and suggestions recoiied to data la 
the fact that theae conflnltants'V *to are amng the leaders la U,S, 
science, haw tegim to thinfe "ad work on thssa profclemB, It is our 
earnest lutfe that under 'the tens of this new study and research con- 
tract with the "Arsy Air Corcea 'to Eay fca -able to enlist the aetlia co- 
operation of as, fcajortant fraction of the scientific resource's of the 
Country to aobe pronless in the shoUy new fields liiicii ejs'b iisgina- 
. tion hss opeosfi. Of thes8,"space travel is one of the scat toartent 
end challenging. ■ 
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Chapter ^2^ 

■ AtteflptJjog ia saris' 1946, to satinate the. values to te derived -from 
a deveiopnent pro=ras aimed at tha establishment of a satellite circling 
the earth above the atnosptere is 33 diffissslt as it mold have teen, 
seas years before the bright brothers flan at Kitty Hawk, to visualise 
the current uses t>l aviation ia nar and in peace. Sore of -the fields in 
Ehich in^flrtanfc results are to ba expected are obvious; others* rhich 
say 'include ems of the oast important, will certainly be overlooked be- 
cause of the novelty of the ucdertaidGfi. Ihe foUoFriag considerations 
asa&e tha future deveiojKsnt of a satellite aita large payload. (My 
a portion of these csyhe accoaalidied by the satellite described ia 
the design study of, this" report. 

the aaitary kportance of 6 Satellite - ?he ralitary importance 
Of eatablidiing vehicles in satellite orbits arises larjelj fros the 
circumstance that defenses against airborne attack are rapidly improving. 
Uodern radar will detect aircraft at distances up to a fes hundred fldles, 
and .can give continuous, precise data on their position. Anti-aircraft 
artillery asdrntteireraft -juided missiles are able to engage sach 
vehicles at considerable range, and the proximity fuse increases several 
fold the effectiveness of anti-aircraft fire. Under these circumstances, 
a considerable premium ia pat on high oissils valwity, to increase the 
difficulty of interception. 

This hairy go, we can assise that an air offensive of the future 
tdll be carried out largely or altogether by high-speed pilotless mis- 
siles, the miniflnn-ener^y trajectory for such a space-iaissile without 
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aewdynaisic Hft at long rattle is very. fiat, intersecting the earth at a 
"shall™ and.*. This ineans that anall errors .in the trajectory' of such z 



' nlssUe t$XL produce- lar§3 ?m]p s 
■ be$a suggested that tha accuracy c 
aile along tha eass general coarse 
and at such a tins that the tsa ai 



prors In tha point .of intact. It has ? 
in be increased by firing such a sis- 
an that bein* folloBsJ by a satellite^ 
3 close to ona another at tise center h 
of the trajectory of; the slssile. Bndar thasa circumstances, precise ' 
obsemfcions of the position or the msaile can be ssde froa the satel- . 
lite, aod a final control iapibe applied to briog the cdssile down Da 
its intenled target. This senses,, dials it involves conaHeiaWe cos- ■ 
pLjiity is ^atrupec&siioaj seess entirely feasible, Alternatively, the' 
satellite itself can be considered as the nissile. After observations ■ 
of its trajectory, a control isrulse can ba applied in such direction 
and aEBUfit, asd at such a tics, that the satellite is brought dcma on 
its target. 

Ihere is little difference in design and parforcsnsc between an 
intercontinental rocket sissile acid a satellite. Teas a roctet oissile 
with a free apace-trajectory of 6,000 idles requires a ainiain energ? 
of launching Bhich corresponds to an initial velocity of 4.4 miles per 
second, tfaile a satellite requires 5.1, \ Consequently the development of 
a satellite will be ijirectly applicable -to the development of an inter- 
continental roctwt fldagila. 

It should also be reaiarted that the gatallite offers an observation 
aircraft which cannot-be brought dean by an enemy aho has not mastered 
similar techniques. In factj a simple computation from lac radar 
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etjuation shows that such 3 satellite is virtually undetectable from the ' , v 
•ground bf asans of present-day radar. Periiap's tr-; Uo .cost Important '. . ■ '^ 
classes of' observation ntiich can be .ide froa mch a satellite ars the' '.; 
spotting of the points of invpact of boric h'inched byu9, acd the ob- ' 
serration of Kcdther conditions over easjy territory. As rerarked balo'ir, , 
sbqrt-range '-"eatber forecasting anywhere in the vicinity of the orbit' 
ottba satellite is esfcreaily 8Uple. ' . 

"' Certainly, the fuU'^ffltliUry asefolnsas of this technique cannot 
.'be esaliiated today. Ttw're ire doubtless caay iirortanfc possibilities" ■ ; 
niiicli will be revealed only cs Koric on the project proceeds, 

?ae Satellites-is an Aid' to Research .- The usefukess of a satellite 
in scientific roEearcti-is very great. Typical of .the- outstanding prob- 
less shicn it car. help to attack are the follcrnr-j: 

Or* of the fastest-winr fields of invesU£-;tloa ia roaem suclear 
physics is the study of ccssic rays. 3ven at the highest altitudes which 
have been reached witti absaned sotLTdi-Tg balloons', a cor-siderabls depth 
of atrosphere has been traversed by the cosnlc rays before their" observa- 
tion. On board such a satellits, the prinery cossdc rays coald be 
studied without the CGHplications which arise within the atmosphere. ' : . 
Proa this study-'nay cose more iiaportaat clues to anleashinu the energy 
of the' atomic nucleus. ■ ' 

Studies of gravitation with" precision hitherto impossible my be 
made. ■ This is possible because for the iir3t feiss in history, a satellite 
would provide an acceleration-free laboratory T/hare the ever present pall 
of the earth's iravitatLnal field is cancelled by the centrifugal force 
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of tie rotating satellite. Such studies might lead to an understanding it , ■■- 
Qf.the.caiise of gravitation - vhlcb is no* the greatest riddle of phyaicia. *'. 

Hie TariaticM in the earth's grsritational field oyer the face of - - 
the earth could be measured frea a satellite. This nould supply ens ~ery ' 
fmdsEsntai set of data nsadod by tie geologists and geon&yeiciats to 
nuderstand the censes of momtain-bailaing, etc. - 

Similarly, the variationa in the earth's csgpetic field couia be 
asafinted tith a caffinletenssfl and rapidity hitherto possible. 

Ihe satellite; laboratory could undertake cciBprelienaiTe research at 
tha lov nraaeuws of space* Ha -tsXbb of this in coEpsrifioa vita jreBHures 
hot attainable in the laboratory night be great*. 

For the astrondaer, a satellite vonld pmids great aaeistarce. Jr. 
Siapley, director 'of the laniard OBaerretary tea expreaaed the uiev that 
Eeaaurenents of the ultra-violet epectrua of the sun end etara would con- 
tribute greatly to en understanding °* the source of the sua's surface 
energy, end perhaps would, help explain Bunspots. Eo also looks forrerd 
to the satellite observatory to provide an explanation for the "light of 
the night e&y." 

Astronomical observations aaie on the surface of the earth ere 
flerlouely hampered by difficulties of "seeing, n vhich arise because of 
variations in the refractive index of' the colura of air through vhich 
any terrestrial telescope must vlev the heavens. These difficulties' are 
greatest in connection with the observation of any celestial body vhose 
Usage is en aotual disk, vlthin vhich features of structure can be 
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' rocognised: . the moon, the sun, the planets, and certain nebulae. A 
'telescope ever of raodest size could, at a toint outside the earth's atmos- 
" 'phere, stake observations on such bodies which would be superior to those 
nor? nade with the largest terrestrial telescopes. Because there would 
■be no scattering of light by an atmosphere, continuous observation of 
the solar corona and the solar proainences should also be possible. As* 
" tronoaical images could) of course, be sent back to the earth froa an 
raranned satellite by television seans. 

Eke a satellite at an altitude of hundreds of siles, circling the 
earth in a period of about one and- uce half hoars, observations of the 
"cloud patterns on &e earth, and of their changes' ritb time, could be aede 
with great ease'and convenience. This information should be of extrese • 
value in connection with short-range weather forecasting, and tabulation 
of such data over a period of tine might prove exfcrecelv valuable to long- 
range weather forecasting, 5 satellite on a 'forth-South orbit could 
observe the trhole surface of the Ecrld once a day, and entirely in the 
daylight. 

The properties of the ionosphere could be studied in a new lay froa 
such a satellite, treaent ionospheric measurements are all Bade by 
studying the reflection of radio saves from the ionized Ufxer atmosphere. 
A satellite would Lermit these measurements to be extended -by studying 
the transoissioii properties of the' ionosphere at various frequencies, 
angles of incidence, and times. Reflection measurements "could also be 
ir.de from the top of the ionosphere. Since ve now know that disruption 
of the ionosphere accompinying ■lurofal displays is caused by the impact 
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,' Chapter J_ *•'■ 
of a cloud of tatter from space, the satellite could determine Jfce nature, t , r " 

. and ^te the source of that cloud. . 

_ Biologists and Esdical scientists squid want to study life in the- : 
acceleratifw-free enviroinjent of the satellite. This is an important 
pre-reqiiisite to space travel tytea, and it. may also lead to important 

. new observations in lowr fores of life,. 

ffia jatajlitg; ^a.CogEiinicaUojis. Relay; Station .- Long-range radio 
ecnminicstion, except at extremely; io^freqnencies" (of the order of a fe* 
fcc/sec), is based entirely on the reflection of radio waves froe the 
ionosphere. SiKa the properties" of tho earth's ionised layer vary pro- 
foundly; with the ties of day, the season, sungpot activity,, aw} other 

■ factors, it is difficult tojEdetajn. reliable long-range coSEunlcatloa 
by eeaas of radio, A satellite offers the .possibility of establishing a • 
relay station above the earta, through solch long-range cocsanications can 
be "sintaiaed independent of any except geometrical fectors. 

The enorEoaslenclnidthEattairable at.ndcroira.7e frequencies enable 
a very large nuab&r of independent chsmials to' ba handled rfth staple 
equipiaest, and the only difficulty which the scheme appears to offer is 
that a low-altitude (300 cdle) .satellite would reEain in the viem of a 
single ground station only for about 2100 iilas of its orbit, 

for conimisicatiaiis purposea it would be desirable to operate thB 
satellites at an. altitude greater than 300 miles. If they could be at such 
an altitude (aipprojdMtely 25,000 milee) that their rotational period «ss 
the sana as that of the earth, not only would the "shadow" effect of the 
earth be greatly reduced, but also a given relay' station conlo. be associ- 
ated with a given communication terminus on the earth, so that the cob-* 
municaticm system probieia might be vary greatly simplified, 
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^-• gSKERAL CTAEACSBiarcCB OF A SA| EI |fflE r .MEgg 

'Within the 'Units of our everyday wperifince, tits trajectories of 

' freely norlng opjecte are .nearly parabolic. The departures from truly ' 
"-parabolic- trajectories are caused largely by air resistance. However, 
: " there le at additional factor .vices influence. Ib erall at loir epeeda 
- Imt rapidly Decease larger as the speed increases, fhia factor ie the 
ccnatura of the earth. Because of it, even £ tahicle traveling parallel 
to tha-earth is subjected to a centrifugal force end at high speeds this 
force can heccea of equal iEportence to tfas force of gravity. Sisce 
■gredteUaal fares is imam and tha centrifugal force 1b outward, there*" 
is a speed at which the tto vould just lelanee and the vehicle would ra- 
valve about the earth lite a saw satellite. She speed to accospliEh. this 
ie easily calculated. If, Sir the ozBnt, ve disregard aerodynanic forces, 
then a satellite near the surface of the earth would be balanced' "between 

2 

■£ gravitatiaisl attraction Of ag and a centrifugal force Of -pVhere a 

and 7 are the t&bb end Telocity of the satellite end g and S are the 
acceleration of gravity and the radius of the earth. Placing -~p - Eg 
and ueing the equatorial valuae of S : 3,9$ Biles and g 5 ;J2,086 ft. per 
aec?, we readily f lad that t * 25,810 ft. par 6ec. or 17,600 ailes per 
hour. If this srtion vera to take place in the plene of the equator ve 
would have to add or subtract the Telocity of rotation of the earth, de- 
pending on whether the .vehicle were rotating with or against the earth. 
These new values are 2*1,365 ft./eee. and 27,335 ft./aec; These valuaa 
are only approximately correct because the effect of the earth 'a rotation 
on the gravitational attraction of stationary objects haa been neglected. 



A nnre detailed calculation- ia given In Appendii C. Jravellng'at theae ■■>; 
apseda, ike tlaee to mala -a c-Cttplete circuit of tho earth voulcL to 1 hoar - ji 
and 30 mln. and 1 hour and 20 Ean. respectively. It ifl. of course imprac- 
tical to attespt to dstb at such great speeds vitali tile fitBoafhers of 
the earth. Emraver, fit a height of 300 miles ehoTe the aar&se of the - 
earth, the air ifl so thin that auch speeda are practical. ■ If ib rejeat 
on? calcnlatlQUfl for tiila altitude, ta&Bg into accomt that tha attrac- 
tion of gravity ^^ off as the sonars of tie diatsme frcn the center 
of tho earth, ve find that the nev velccitiec ere 25,655 ft.- per aec. end 
26,705 ft. par ek* end the nS tlses for ctEplets clrsnits of the eartii 
are 1 hour ani^S obi. and 1 hoar and 22 ain. Interestingly enough, the . 
energy required to establish an orbit At en Altitude of £00 ailea is not 
7ery ^ l&BP th^ that required, at the isarfeca of the *srth cecaueo, ■ ' 
although tha potential energy is considerably greater, it 1b partly co 
senBatad by tha lower kinetic energy of tha higher orbit. 

It 1b interesting to note that to owr donation HjC z Eg tha aaee 
occurs ca toft Bides end cancel out, Cone«qu«jtlj, tha speeds for 
orbital notion do not dsueni en the owe of tha object nor on tha jsterial 
fras ihich it is ffiada. 

Ab mentioned above , ve noraa-llj 
expect the trajeotoriee of freely storing 
objects to he parabolic, SoweTer, if ve" 
take strict account of the oupvatuM of 
the earth, our aatheasatlca telle ua that 
all each trajectories are area of 
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Keplerian ellipses. If the Telocity 1b en&il, tha trajectory lfl only 
a sinslX portion of thft outer and of the ellipse, as aho«n in the preced- 
ing figure. Shia tip portion of an elongated ellipse is 7ery nearly tut 
not quite parabolic. As the speed increases, the portion of the ellipse 
lying outside the. earth llienlee inarsasei and the first trajectory lying 
entirety cmtsida the earth is the eironlsr me vhose ageed vag connuted 
abovo. As tiia speed increases still further j the orbits Hill hecOfie 
ellipses extending far out into 
apaco ea shova-ln the figure at 
the right* Our cm aocn is, of. 

course, traTeling in en orbit ^ • lj,<f«ry^| 

' that ifl' Tory nearly circular. 

So far, coif the effect of 
velocity on the orbit has been aentiatod. Soveter, there ie another 
factor of l^ortsnae in determining the characteristics of aa orbit, 
naaely the initial direction vita vMch the body *sg launched, this, in 
turn, Kill deterafcie father the orbit- is e. long flattened ellipse or a 
nearly circular <nfi. loth kindl can correspond to the eeua velocity of 
lairaonlng, differing only idta the direction of launching. 

Suppose cow that our satellite, cantionad above, i'a Inucchad directly 
ujiard vith the same Telocity, instead of on a circular orbit parallel to 
the surface of the earth. The simple equation of its notion ehoVB that it 
vill travel out into apace a diatance equal to the ■diasieter of the earth 
before returning to the earth. If the Telocity is increased, the vehicle 




«After the noted aatronorar . Johanna ffepler (d. l6l0) 



'. DOUGLAS AlRCFWq^OHPANY.I^C 



will,. of oOnTfie, travel even farther.out. linen tha initial velooi'ty has 'J 
bean inomaod to a value aqaal to thatfe {or 1.41} tiaBH the orbital spaad; 
of 2S,8lP ft, per see «■ SG.EOO ft. por aeo., it will travel out jwyond 
the influence of our planet end never return. This apeed is appropriately 
called the escape velocity, 

■Soturainc now to a now detailed esaniiiatioii of the cbaraateristios 
of a vohiols rotatiag in a circular orbit a ferr hundred rtilea above the 
Sifffaoe of the earth, We noto that tho balance b$tsee& gravitational and 
., centrifufjd forces oasts not.only for tJievehicle itgolf , but also for 
all objects within the vehiole^.ConBBjniBntly^there^-Biil be no "up" or 
"down". Erarytfling mil 'float iraightlesij insids the vehicle. 

Tlhen m consider the possible orbits in which the vehicle could 
travel, as seen fron the earth, vb realise ih&t they mwt all be great 
cirale paths, i.e. in plsnea passing through tha center of the earth. Of 
all such paths, only the one lying in the plana of the equator KiU repent 
itsslf on each revolution because for all tha others irhen the vehicle has 
completed a circuit in approxlnately l-l/2 hours, the earth has turned 
under it l/l6 of 6 revolution and tha vehicle la over a new spot on the 
earth's surface. Consequently, the first sttenpta at aatnbliahini; satel- 
lites will be arounti the equator ao that they ray be repq&Eaiily observes 
from flxad ground stations. 

So iV, we ho-Ve purposely avoided consign nf, the nonr.a of supplying 
the aiioraous ener^oa neoosaary to obtain the speada calculate above. 
This is such an important problen that it t;;11 be ; -,lve;; ape'itd couaiderc- 
tiqil in thy next chapter. 
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';-,In order .to lie able .to establish a vehicle Is a BatsUlte orbit, a 
power plant trait be capable, net only, of lifting Its own weight and that 
of Its fuel and. the associated structure and p&yload, but also to accelar- 
ate $heee coapcinents sufficiently to attain the enoicouB velocities calcu- 
lated in the: .preceding chapter. Clearly ihie vlU reouire a power slant 
capable of producing thrusts seny times its ova weight- At the pieeeat 
tine/ the- only qmsi^mmtienfil poser pleats that aset this requireoeat 
are the rocket, the turbo-Jet and the ran- jet. 

$ha turbo-Jet and ifte ras-Jet both depend s&on atmospheric air for ■ 
their eoabaBtica. S'heir Kaiiana thrusts fall off rapidly with altitude 
.bo that their .useful range is veil below 100,000 ft. When speeds of the 
order of 2lt,500 ft. par m. (Anproslaatelj a Jfech nusber of 25) are con* 
elderedj the compression, and friction, of the air give calculated teamera- 
tiffee of the order of !t9,0O0°F. Even at 100,000 ft- the density of the 
air le sufficiently great" to hum up tha venule in short order. Ccmse- 
outntly it would appear that the turbo-jet or the rsa-jet could be used 
only in the very initial stages of launching nan-created satellites. 

It is cccieivahle iiat these power plants say be found to serve a 
useful purpose ae Initial launching engines. However, for the present 
ln?estigaticn, thin scheme has been' left -out- of consideraticn in order 
to a70id the caralicetion. 



*Iong before such tanperatures are r< ; 3che& s the conventional nethods of, 
calculation becase invfilld. However, the cocalufiloii that the temperatures 
are prohibitively, higtt-.'is still valid* 
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The rocket' K>tor, carrying ita cm projelimtfl, ofln-traverBe the. 
atmosj&BKi at limited, npeeis and after entering' the rarefied ionosphere 
bo free to accelerate to tiia speeds required far orbital notion. The Y-2 
has dgBcbfltrated the practicality of euch a schem. Ihe greatest queancc 
to be ensirerGd ievhether sitMn the stem accounting of engineering 
realitj,so:=easora to the Y-2 can Ira built capabls of accelerating to 
HpeetlB of the order of £5,000 ft. per eec. 

Before attempting to enraer i&la question, it vill be of interest' to 
emnine rccfcet pover plenta in same detail. At present these pover plants 
can ob divided into tw> general clasaas. Tha first ia tha familiar eolid. 
propellant type of rocfcat used extensively in Fourth of July calebraticnB. 
Khan uaed to obtain high perforaaneO) 'the propellent containers mist ¥itfa- 
atand such great pressures that their veigbt beccaaa prohibitive vhsrs 
vaight is an irccorteiit canaidaraticn. 2Mb ha.G lei-to~tEfc<ieTelcpeafc T 
of the liquid propellent rocket 'in vMcb the propellaitB are forced into 
the cffiabueticn cheaber under gas pressure (frequently conrareesed nitrogen) 
or by means of punpa aa in the V-2. For installations where large thrusta 
are required thia latter aystem has proved to be of lighter veight. 

It ia helpful to have aa understanding of the paranBtera which are used 
for evaluating the parfonaance of a rocket motor and vhich, aince they are 
unique to the field of Jet propulaim, may be .imfaniliar to the reader. 
Fran Hevtoa'e feailar aeccnd and third lajo, it may readily be shora that 
the thrust T ia equal to the product of the eihauat velocity, c and the 
mbs rate of propellant conaunpticn, jr , thus T ■ c 77 , The quantity 
j£ may he made as large aa ve please since it la onlj a matter of arranging 
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adequate means for delivering end turning tie desired amounts of propel- 
lents., however, this in not the case with tie eihfittot .velocity vMcli Is 
more. strictly a characteristic of tie propallants used. She exhaust Teloc- 
ity- la determined to a large extent by the ttoleculfir weight, the tempera- 
ture, and the specific heats of the eoabuetion prodoc-ta, ?or a given fuel 
we have little control over these quantities. $hs pressure la the caabas- 
tim ch&Bber, the external a&GGGpharic pressure and the overall efficiency 
of the power plant (which are tie festers over Which, we have- greatest con- 
.. trol) also affect tie eiisaat velocity hut to such a lesser degree that it 
ie possible to sneene the eihauet Telwitiea of as, iBBtaUEtlon largely 
fro£ a tnoviedEe of the propellents used* 

It will Tie seen later that the ein£ust velocity of e, rocket installa- 
tion Ie of prfns tapartance in determining its suitability for use as a 
estslHte-prcaaiiDE power plant. Si addition to the ezhsast velcsity^ o, 
two other pmmetere ero frecuentlj ueed. . -m Hho equation for tie ■ 
thrnEt of a rocket rotor abase test a given Quantity of propellents, if 
consumed under oaEparable conditions, represents an ability to produce a 
given tepilEe, either as a large thrust for a short time or a small thrust 
for a proportionately larger time, Consequently, it is in order to &ak 
for tie pounds of thrust obtained per pound of propellent jar second. It 
Is seen. at ence that this parameter, known as the specific impulse I ( le 
given by the formula I = — = — , i.e. It le obtained from tie eih&ust 

« 8 

velocity simply by division by the acceleration of gravity (I is tie Bane 
in both o.g.fl. and ft. -Ib.-ses. systems since it co&talne unite of force 
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la both iflntesKcc ao41fflttOHto^l/"^ln/va.aay.aBi , 'f6r T tlie potinto of ■.; 
pfopellant constmed pet pormd of tHrtJat jar asaoad* ' 'This' is inomas^the^, 
specific fUBl'tfaaBUBftioa sad lB v E8w3j'tb.g reciprocal "of the ispleai 
e.f,c. s - s f'-- Wcal'TOlnaa-of'tiieM paKtmiera mac: 6",^ ft. 
per eec., I : 200 aeo., and' s!f.c, =' .005 sec'} ' 

Si the cUsjuaBicn item, it rea'j&grHoned'tiiat external atnosjaarlc 
geeeettte ptejefc a leeser rcls iiisdsterrtiiiiiig Hu extenflt Talflcitj 1 . Tfoile 
this rols la sail, It is not iasignif leant "be* enters Into the problem 
of establishing a mn-CEfis eateilite'in a ray Iwlpful fashion, As *e "go 
to higher sMtn3sB, ' the fitoffjhew exerts Iab^ of- a carfc pressure on the 
eshaustlng gassa, allovicg &efr'7e^iVt° iEarsase ttatil-at aittese 
altlta&ea it has iBcreaBfli by ot3"2G$ to J0$. 5fciB vill be found, to he 
ofceignificeafc Eegiitnde in onr groMJai of dfitflndaitg if rocket cotora 
ere capable of irssytlug a sufficiently large-maBgstiiB to the proposed 
satellite vehicle, a problen to vhleii ve nos return. 
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Let us begin fcy considering tie fltolsst possible case of a rocket 
notor accelerating our vehicle to high speed. *te ehJl temporarily neg- 
lect gravity and air reoietance In crdor to determine vhat ara tie funda- 
mental factors occuring In our problem. If □ is the taee of the vehicle 
at any fc&tant, — tie acuelsratica and I tie thrust, thes a— : I. 
' Si the preceaiag chapter, m eav that T = -c«. Placing this in- our 
- equation, *e have ffigj ■ -cjr; . Ibis can'te integrated to give^Y = c &ag ^ : 

vhereAT ie the change i& Telocity of tie vehicle that the rocket $ro- 
: dacea sal:^ .ssfci^ we theaagBes'.at its Beginning ^ end of tfla;aceolar3^4- 
tl<% tk£r Sji|ss%fs. fts&g $ra fuel used In tie process, This fornmla, 
althoBgh it&ii to *B«»forBly aadified numerous tisaa, hrings into 
focus ths tiro nost Jefes$& mameters of cur problan; sanely, the 
eihaust velocity and tlte mss. ratio, In fact, these tvo paraneters are so 
vital that the next two chapters i&U be devoted entirely to a critical 
engineering analysis of ifliat values ve can reasonably em&ct to achieve. 

It Is clear that the gain in Telocity of the vehicle ie directly jro- 
porticnel to the eihaust velocity and any iEtprovemfists in tale factor '.-ill 
lie immediately reflected la tins performance. of the vehicle. The mss ratio, 
entering the logarlthii vould appear to be a factor of minor importance. 
' However, thio appearanso ie quite deceptive aa we shall presently see. 

If ve put V equal to iiio Initial, grosa velght of isfce vehicle, P equal 
to the peylcad and S egual to the entire structural, pp«or plant, taut and 
control wight (i.e. S' includes all' items except the fuel and the peylqfid) 



*The ainua 
of the vehicle 
propellent conau^ticm 



eigu ie necessary here heeause |£ is the rate of 
iicle .(vhich la negative) while in Chapter \ it w 



then our formula becCHae 'A'f "T"-e In 

c camot be sade arbitrarily large, but ia Halted by the atate of deTelop- .- 
toent of oar tst&iolflgy. "likewise, ^,tha ratio of the entire structural 
. ralght to the grosa weight, cannot be chosen arbitrarily snail lot la linltei. 
by technological progress. Conaeauentiy, i&s fiuffitil^ wit&in the paran- 
theasa of .tha lcgaritta haa a eralleflfc i&M °g&ea as jayload is lero" (tbie . 
■will ss&s ths Sogaritlm, with a negative alga in front,hairo its greateat 
Talue)* iitaally, in engineering aHPiieaiieE we usually East tiev this the 
other way around; that ifij-tie payload ie given an& the groaa walgat Biat 
he wied. Shia Sbb been illustrated on tha eccofflanying gratia. Here ve 
hate plotted the ratio of velocity increase to exhaust Velocity against 
tha ratio of groaB wight to jayloeil (i.e. the gross velght far a 1 lb. 
nayload) for various velnes of the structural weight ratio*-: Ike extreae 
toportance of this latter parameter is iiosdiately apparent. 

Ibis grana alao illustrates another characteristic that will confront 
us ttae and again; nawly,tlie extreme variability of the gross velght for 
a flied peyload whan we etteznpt to obtain high jarfomaiioes. for esasple, 
anpjOBa ve could obtain an exhauet velocity of 11,000 ft. par flee, end 
build the complete structure for only % of the grons Mj$t, S'han to 
accelerate ft p$iua of 1 lb. to 2h,750 ft. PW a«. (™ t 2.25} would . 
require a vehicle having a groaa Might of 200 lba. Hovevar s lf the de- 
sired Telocity had been only ty greater, the analiaBt Tehicle with which 



tjfere &iid throughout the rest of the report wb shall refer to both the 
fuel end the oxidizer simply aa the fuel end designate Its weight by J. 
If we call ■hhem propellents end desigaata their weight by P, we should 
hsTe a conflict with our designation for payload. 
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ve eonM aactflgslian this walfi. Jwre-s groia wight of lQTO:Ibs.j a;flwi<aft. 
increase. Eie reason for flaon extwise sensitivity is clear;- tho jerfom- ■-' 
que gain v&b node by adding & tit rare fuel at .tie exjeaeo' of pajl^4"aai : f ... 
thm enlarging thfl eatto nrojaftt mttl^'paylo^'iattifflBi.'fco it8:w : -..■■ 
original toIm." Tihst vas a ifceaticn of a jarcent increase in ft^aacnfaff 
to-80j& of the jsyload. * Coneeaoaitlj - ;^ ndtipHcatioi factor Wan I 
Slsrpla clarity of reason dws cot altar-ths- fast, that tha gKWfl'Saighi 1h : " 

a wishls of qneatiena&la raHablHiff."-: ;„.-; -.'z ^ .-' _ ^ - ;" : 

' " Ife aw no? las joaltlon tot^ffl''^«39iitaiT~e!SB!i]stlGii''cf.'-tha~' 
feasibility of using roclcsts to eBtaWi^"nCT:Es^2itaB. ?6 do this to. ■ 
sM l enticipato a lew of tfca ■re^ts-'oi-tlie'aert-tm c^tsrs.-v£Sil*0ra> 
shall find that by using aleckol/and Hcuid gggst fitetoiB&W the ^opel- 
Isats ased in the V-2), va can obtain average eJhaust -relojitles of about ■ 
8,500 ft./ssc. and. a corresponding entire etrnctural wight of about Ifijt of 
the grass wight. Both of thesa figuree hate had a .certain ezKwat of optl- 
Mra -injected In then, to represent nfest ¥s night reasonably eiject to 
accOHijliBh Ift the foreseeable future. If ve e&lfict 50O lbs. &b off goal 
for a payloai, then our foraulE shore that a vehicle of 5OOO lie., initial 
gross veigfct coald ha accelerated to ll^ZO ft, jar sac, if the size of 
vehicle ie increased to 50,000 lis. gross voight, tto Telocity la 15,090 
■ ft. per esc. and a 500,000 lb, vehicle only gives an increase to 15,510 
ft, per e«. All of these velocities era inpraaflively large, bat fall «>x*3j 
considerably short of our round figure of BfcjQO ft. per s«* required for 
orbital velocities. 

. #Even if ti» vehicle vare made indefinitely large fte valosity could not 
exceed 15,600 ft. per eec. 
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Tie question lmediately ariaae: Dy using liquid hydrogen, the fuel 
that tops tha list vith an exhaust velocity of about 15,500 ft./Bee., can 
ve achieve our desired Telocity! tmfortuaatelY, liguid hydrogen has a 
number of charsctariBtics fthicn. Kill be discussed in' detail later) that 
necessarily cause an Increase in structural «eight. Oar figure of l££ far 
structural veight Is increeeecl to Z% for use with lipoid Imogen, The 
following teble suEsrizes tie velocities calculated for both alcohol end 



■Uonld hydrossn: 



Velocity of vehicle 



5,000 lbs. U^SO ft./ew. 1^180 ft.yW, 

50>CQ0 lis. 15,090 ■K./ex. . 2S,150 rt./sec. 

500,000 lbs, 15,510 ft./sec. 18,620 »♦/«• 

Infinitely large 15,600 ft./sec. ■ 38,700 ft./**. 

She liquid hydrogen shorn iajrcrasceat oter the alcohol tot is etiU 

ccnsiderably short of producing the orbital velocity figure of 2*1,500 ft. 

tfe ere forced to ccffilsde that a realistic appraisal of the problem 
shcva that our technology, em allowing a reasonable note of optiniea to 
creep In, has not sufficiently advanced se yet to penult us to build a 
single unassisted vehicle capable of acquiring sufficient speed to reaaia 
In space aa a satellite. This ia doubly emphasized Khec Va remember that 
as yet ve have neglected entirely the effects of air resistance and gravity. 

Since ve cannot attain our goal vita an unassisted vehicle, ve neit 
examine the problem of giving the vehicle enough initial speed so ta.it It 

*ThIs is true only for single assisted vehlclee using the sinplified onalysl 
presented here, ffiwn the multistage vehiclee (to lie considered presently) 

*« >^» ■vaftAaflM«rn'L T ilgi the cgnolMi(s i lfl , ffi fBrent - 
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can Bubaequently attain orbital TeXoaltles under its cnra power. Since; 
rocket power planta iiaTB teen shota capafcla of supplying more than naif of . . 
the Telocity required, it appears logical to ask if tiay cannot ba ased to 
supply tile other half. So answer this question In the affirmative ve in- 
troduce the concept of a multistage rocket* Ve shall find this idea 
ftrtdBEBifcal to oar later writ-. To illustrate tala concept, let as coneiSer 
a tec-stage, rocfcet. 2b priaaiy vehicle vill la carried along as the "pay- 
load" of a larger secondary vehicle. Khan this larger vehicle has eihsnst- 
ed its fuel, and bsnce.itB-iiBofoliieagj it till te> diecarded aid the snall- 
' er-tBEicla vill ccntinae' to sccakrate under its q*b jcwec, adding ita (,m - 
. Telocity increase to that Iimsrted by the larger stage. She particular 
eienple- selected above. is a special case of a mah. sere general Idea, web1j } ■ 
that of discarding height once ifnas served ite purpose am ie »o longer 
neceessry. A aossnt's reflection shows that this can he of great aid, be- 
cause as the fuel ie need up, the structural veigat end the payload, 
initially insignificant, cecoas ssjor iteca and if substantial reductions 
in the structural veigat ere poasible at this point, the rosining fuel 
vili be capable of supplying correspondingly greater accelerations and 
velocities , 

on place ef the method proposed above, it is conceivable that the 
fuel could be contained in multiple tanks and as each la drained in turn, 
it and its associated structure vould be Jettisoned. With thia reduced 
veigat, the acceleration vould increase considerably and it raight be de- 
airable to shut down a portion of the rraket power plant to fceep the loads 
on the reminder of the structure vithin reasonable limits. ?3w reader 
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of the fuel «ould be ased to produce mailer thrust oter a longer period 


of time. If this is dons, it is of course advisable also to Jettison the 


idle poser plsAta. 


■>-"". "f J ■ It iriUM* readily appreciated that such staging schemes are United 


'"" ■ only fay -fhe fertility and ingenuity of the designer's imagination. For 


the sa&e.of definiteness, is have confined our attention in this report 


to the clesrcut acheae originally proposed, but it is not intended to 


knly that this is a final arrangeEent. 


let us return to the problen of grarritving the possibilities of 


achieving orbital velocities, ffe found for a single stage, that 


V . - c In -iL±-2„ If se no* have a tfo' stage rocket, sad we designate 


the larger vehicle, which is fired first, by the subscript 1 and the 


smaller by the subscript 2, then 




Here se have used tfj, the gross weight of the scalier vehicle, as the 


pa/load of the larger. With this notation i?j_ is the gross weight of the 


entire aggregate. 


It is noa logical to ask; For a gives payload and a fixed value of 


aggregate Height, what is the correct proportioning of the tsto stages to 


give the greatest total velocity? If the large stage can be built so 


that its entire structural weight is the sans percentage of its gross 


weight as that of the smaller stage, then simple differentiation shots 


! 

*7ieved from this standpoint, our original proposal of a series of pro- i 
greseively larger vehicles each carrying the preceding member as payload, j 
consist? of building tanks, potter plants and structure in associated 
eise units and jettisoning them ae units . 1 
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. the greatest total velocity is obtained when tie ratio of payload to .; . 
.■''■-'■* ' -'.-. .-:■. -; ;■ ., 1: ; V p ; ; 

gross weight ia the sang for each stage, i.e. -fe : ■-. 

, h h : . 

■ If we apfil^ i^e'resulta to otff alcahcl and liquid oxygen paneled 
'vehicle, (add assuce that the entlrfl"' structure of the large stags can 
" also Ds l feiU.t for j£j£ of its gross weight) ne eaa achieve the foftoiirg 
''velocities with 1fe' -corresponding ■aggregate ccBbinations: 

no ssts hocset mere, bsbg ilgohgl iSD-zaxsno-ocnsB mi 

■CbSBeg a Pinaffl" of 500 iss, ■ 



50,OCO lbs. 

5,000,000 ibs e 

500,000,000 lbs. 



of 2nd Stage ■ Velocity - 
5,000 m. 22,8$ ft,/see. 
50,000 lbs. 30,180 ft,/3ec. 
-500,000 lis. 31,020 ft./sec. 
This table "illustrates feo salient points: 

lit, a tuo stage rocket vehicle, using feasible velnee of ^zbaust 
velocity and structural weights has been sham to have a 
reasonable cargin ow the minima essential requlreaect to 
attain orbital speeds. It only renalns to he sees if this 
iffirgin is sufficient to account for the effects of air 
resistance, gravity and "Hie like, 
2nd, we notice, upon eonparing this table with tte resalta of our 
single stage calci&atioBS that for a given total weight, 
{e.g. 50,000 lbs.} we can attain a greater total velocity 
from tiro stages (22,840 ft,/aec„) than we can froa one stage 
(15,090 ft./aec). And this is in spite of the fact that se 
have the Height of two machines instead of one. 
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, .Chapter X' 

This second point immediately poses the following questions;"..-Is-it 
always better tc UBe two stages than one? If tiro stages are superior, 
xould three or nore stages give even greater velocities for a fixed 
aggregate weight? These questions are ensnared by the accompanying graph,* 
on ifaieh haB been plotted thB total Telocity with the available exhaust 
velocity taken as a unit, against the gross <eigot of the aggregate for 
a, one pound payload for 1, 2, 3, 4, and 5 stages, This has been computed 
on the saeunption that each vehicle could be built for an entire struc- 
tural weight of J$ of its gross wight. In each case, the stages have 
the optiM&a proportions mentioned above. 

We see Iraediately that faro stages are oot eksya superior to one, 
For sciall aggregate wjlpts, a'eingle stage is better, but stnighsr 
wights the tio-stage eurva crosses over end gives higher velocities. 
?or a better unoerstaBdiBg of the reasons behind this it is helpful to 
refer back to our reEerks on the great variability of the gross Might 
of a single stage. There *e set that in our atteact to get higher and 
higher performances froa a fixed exhaust velocity, ae sere exchanging 
payload for fuel and then swelling the size of the entire vehicle to 
return the payload to its specified value. As the payloed became a 
diminutive portion of the vehicle, its exchange for fuel could affect 
the performance but little, while the sultiplication in size becaae 
astronomical. It is at this toint of diminishing returns thai it is 

*For additional graphs of the sans type but sith L ■ .1, ,143, .182, 
and ,25, see Chapter 8. 
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better to use two stages. This sane line of reeaonirg answers our 
qisstion about larger nuabcra of stages, because as the Uo-stage 
, vehicle reaches Its point of diminishing returns, it is advantageous .- 
to use 3 stages and so on for 4, % 6 and higher numbers of stages, . 
It is interesting to note that this sinplified analysis scald indicate 
that the Germans could have accomplished the mission of the 7-2's sith. 
an approiMstB 1% decrease in total weight if they had used tiro stages 
instead of pne. ■ . IMoabtedly," trtth all 'factors taken into account, in- 
cluding tha urgency of the situation, they were sell justified in 

Jims fat, by neglecting the "practical" details of gravity, sir' 
resistaite/variation of ezhaust Telocity iritis altitude, inclination - 
of flight path, control ? seseuvering ami the like, ne have indicated 
the rcssiMli^r that our technology has advanced sufficiently for us 
to launch a ns* satellite Into 3pgee, No* ae pust detaraine hoff great 
sill be the influence of these "practical 1 '' details. 

First, let us consider the effect of gravity. So far, it has 
made no difference whether *e nsea! our fuel to produce a large thrust 
for a short tise or a small thrust for a longer tke. All that 
aattered aas tha velocity of the exhaust products and act ths cotsuap* 
tlon rata, HoBaver, shaa the ?eMcle is accelerating vertically upward, 
this is no longer the case. If the thrust is insufficiently large to 
exceed the weight of the vehicle, the rocket sill ineffectually expel 
ita fuel, scconplishiBg little more than a display of fireworks. It 
can easily be shorn that for vertical acceleration, larger 
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■Chapter J,, 
velocities will be attained as greater thrusts axe used for shorter '■ . 
tines. As the thrust tecGas3 i&finite ( the velocity Rill approach . 
that calculated by our simplified analysis. This concept of an zbt ■ 
finite thrust, "frequently encountered is Eore abstract treatises on 
rocket vehicles, tfOuld ifi&eate that the sffact of gravity could be made 
negligibly snail, loiaver, closer eiaaimtion shows tois is not the 
case, . is we increase the ifarast, the weight at the rocket combustion 
chsnbsiypiiips, piping, controls and associated structure goes up. 

. Furthernore, the reEaining. structure such as tanks and supports is sub- 
jected to increasing leads as the thrust ii-Greasss, sith a consequent 
increase in weight of tease iteas. Since w have seen that the- per-, 

" foraaaca is .critically sensitive ^° ^ 9 - structural Height ratio syft, 
the increase of. this parameter Hill rapidly nullify the benefits of 
increased acceleration; Id fact, tra sould anticipate that aa optimm 
acceleration exists, representing the bast coapronisa between the ad- 
vantages of high thrust and the accompanying disadvantages of high 
structural weight. Unfortunately ^ have not as yet laid the fouffife- 
tion of structural analysis necessary to pursue this investigation 
further at this point* 

If we attempt to examine the other "practical" factors in detail 
w shall find that corresponding foundation data are lacking for then 
too. Consequently, it is advisable to turn our attention now to a de- 
tailed examination of the capabilities of the .rocket power plant and 
an analysis of the feasible weights of structures. later we shall 
resume our investigation of the "pra^ical" details. In the analytical 
work that preceded the -writing of this report, performance studies, 
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strmtnral analysis, aid the assessment of rocket poier plant capabilities 
all proceeded band in hart.. Consequently,' in tto neit two chapters, which 
deal' in tarn with rockets aid structural mights, »e shall find frequent 
references to the results of our nors detailed perf orrance analysis ahich 

~ will .ts presented later. Unfortunately there appears to be » my of . 
svbioing this lack of stMghtfonardM'ss in the presentation of a snb- 

* ject whose parts are so closely interrelated. 

is an aid to the reader, a few lords of coordination >sy prove 
helpful. It »as decided to investigate tao vehicles. Ona eBployad 
alcohol and Bqdd a^el rockets .as representative of an established 
tecMmie founded on the fensus' fflperienoi jith the V-2. Ihe second 
aaployed liquid hydrogen and liquid oivgcn rockets, as representative of 
tin toneless of high velocity- propellents. It «as ftuM test to nsa a 
four stage vehicle when using alcohol snd ojygen and a t«o stage vehicle 
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Chapter _6_ , X- 



. Ths iEiportancs.of selecting prapeHanta.-jShioh-givfl high exhaust' ? ^ 
■ velocities ia obvious from Chapter. 5. Eigh extmuB^ velocity, aannofcoe ^ 
the sole criterion, however. One or hoth propellanta of esary system 
proposed to data possesses physical properties nhioh are so extremes 
to present aajor engineering or operational problems, intone ''cmab-, to. -■. 
a degree' alEoat precluding use of the propellent.. .Consequently, along • -„• 
with a consideration of* specific iapulse nuet, go .a' careful ireighiiig.of. ■-',«: 
the other advantages and disadvantages of a particular Systen. The- 
disadvantages of sona properties suoh as iirflaEsabili'ty, .corrosi7ity, _ -*■■ 
toxicity, sensitivity to detonation, .availability and handling end etor* . ;■ 
ing' qualities are obvious* Othersjsuch as high vapor pressure, low den- .- 
sity, low boiling point, high average Eolecular Bright of the products 
of ooE&ustion ere not so obvious and require a few words of explanation. 
Two 'types of liquid propellant .systems are used; bipropellant and 
HOHOpropeUattt. In the bipropellant syates a fuel and an oxidizer , bgth 
of whidi nay bs a nixtura of two or nore coapounda, are mixed and burn- 
ed in the combustion chamber- In the case of the jwimpropeUant system 
a liquid or a mixture, mioli is stable at ordinary temperatures, is injec- 
ted into the cosbustion ohanlwr where, after ignition it deconposes at 
the temperatures and pressures prevailing. The bipropellant system is 
more floaplioated than the Honopropellant since it presents problem of 
designing injectors to givo good taixing, of feeding the propollant3 at ,a 
conetant mixture ratio and of providing tanks, tubing and pimps for tiro 
propellents. The tionopi-opellaiits hate, in general, lower specific ia- 
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pulses and are inherently unstable, dflooapunlng explosively under 
tOEiperaturua or shock. 

'.Ibtors oporattng continuously for periods longor than about 3 
seooads nust bo provided with cooling. Cue Bathed, taoi 
cooling, bring3 one or both propellents to the ooabuatiqn ohanbor through 
ducts in the rotor Trails, This system is United by the ability of, the' 1 
propellents to absorb the necessary- heat without boiling or deconpo'ainf*. 
'Another cethod oalled film cooling injects a liquid, preferably one of 
the propellents, through numerous gpfl1 , T tiiifices So aa to provide ft 
'■caol'fi& betae'en ifce' hot gases 'and the actor nails*. Shi3 system was used 
on the Goman' 7-2.'iiiotor ih addii;ioh=to regenerative cooling idth.alcoholl 
Tenperature of th& "gases' nay also "be reduced by u^ing an excess' of fuel . 
or ojddiser, 'by addition of Hater to the fuel, or by injecting water di- 
' reetly.into the ohaaber. -If carried to extrene the latter rcetlitids are 
costly ia specific inpulss- 

Unless gas preaBiiri E ation is vised pimps are required to supply the 
propellents to zhe coobustion chaaber at high pressures and nass flow 
rates. To keep the weight of the puiiping system low it is desirable to 
use high speed centrifugal puntpa and as few pump stages ag possible- 
Weight muring along these lines is limited by cavitation. Since cavi- 
tation appears on the blade at the point where the pressure drops to the 
vapor pressure of the fMd, a propellatit vrith high vapor pressure leads 
to lower rotative speeds and noro stages and so to exeeaaive feed- ayaterc 
weights. Low density of the propellent also increases' puinp weights. 
This is due -to the fact that lower density reduces the pressure rise 
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par stags- of a centrifugal, p«P so'ttletpore stages are- required. . 
'' ThV specific l iwulsa' of a propellent s'ystein at opttflun expansion 
ratio can be calculated from the forrtula ■ 

r-h 



I= ' 6 - S #fa 



-. if I„, If en* J . (respectively, the teeneniture, average mleonlar : 

weighted ratio of the specific teats of.the. gaseB "'»• charter; are 
tapira for the preeswe ratiS p e /p . .low lJl c ,-^>> »»«■ reservations, 
can hs chosen Tdthoufc regard to the propellent .systao and, although jj 
varies bobo for the different system, its effect is ooaparatively snail,- 
Jenoe the ratio tfi aooonnta for the snjor part of the variation in 
apeoific fiapelae aihibited in table (1). Stoichloratrlc mrtare 
raticsgive a cexfaun for I„ but not necessarily for \fii. For 
example, stolchioEetrid fixture ratio for liquid hydrogen and 
liquid oxygen oecure at epproHuately 89? by might of osy- 
|en, but figure (i) shorn that the nrtnur, of I^H as reflected 
in I lies at about 76;! shioh corresponds to nearly five Holes of 
hydrogen to one of oxygen instead of the stoichiometric ratio of 2 
to 1. the reason, of course, is that the lo» loleoular »ight of -the. , 
excess hydrogen in the gaeea reduces li and more than offsets the ■ 
decrease in temperature. 
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TABB1 


. suujary of Socket Prepellfflte 




Systea (wt, percent) 


Spee,' 
Gra7. 


salient SysteM 
atra. °H. 


I, 
X 


» 1 


(1) 23.9S6 liquid hydrogen; 
76.1 liquid oxygen 


.243 


23.0 


4,960 


2,650 


8.36 362 


(2) 45.8?iydrasina, 54.2? 
liquid fluorine 


1.061 


20.4 


6,850 




292 ' 


OJ SD.lSthydrailue, 39.9S 
liquid oxygen 


1.061 


20.4 


5,550 


3,090 


264.0 


(4) 32.6? oethyl aaiae, 
67.4$ liquid 'oxygen 


.985 


20.4 


6,100 


3,560 


251.5 


(5) 31.9? liquid fflionia, 
8.1J liquid acetyline, 
60? liquid oxygen 




20.4 


5,880 




257 


(6) 25.4? liquid acetylene, 
74.6$ liquid nitragas 
tetraoxide - 




23.0" 


6,230 


3,9<0 


256 


(7) 41.5S liquid aramda, ■ 
61,6? liquid oxygon 




20.4 






249 


(8) 58.5* hydraiiM, 58.6? 
hydrogen peroxide 


1.237 


20.4- 


4,890 


2,900 


249 


(9) 9.8? liquid acetylene, 
21.1? liquid asuonia, 
69.1? liquid nitrogen 
tetraoxide 




23 


5,530 


3,600 


2U 


(10) 40? ethyl alcohol, 60? 
liquid oxygon 


.966 


20.4 


5,720 




243 


(11) 71.5? liquid oxygon, 
28.5? gejolim) 


.978 


20,4 


5,930 


3,460 


22.66 242.0 


(12) 24.0? liquid acetylene, 
31.4$ liquid aaouk, 
44.6? liquid oxygen ■ 




a.4 


4,140 


2,070 


240 


(13) 19.4? liquid propane, 
80.6? liquid nitrogen 
tetraoxide 




23 


5,580 


3,600 


238 


•Table I (slightly revised) fro» "Fuel Syateus 
Coiomander in Chief, 0. S. Fleet) by Alexis tf. 


'or Jet Propulsion 
lefflmea. Jr. 


(prepared for 



«"■» 6. *.»*!« OOUGUS AIRCRAFT COMPANY, INC 


,A«, 


l:Jf% 


fa 2. lltt 


sihu mam 


pANT 






„.,. - PRCT.TBIIIJRY iffiSTnii OF ^ITFIl.TTT VFHTT.T.IT 




















.■Chapt 


«±n 


HBttl 


- Sumary of Socket Propelling (Coat.) 


r '-''111 




Bipropellflot Systess 




' 1 


System («t. jsreent] 


OtM. 


■ P c 

atms, 


i . i e 

°E. °R. 


a 


L 


(14) .46.6? liquid ethylene, 
53.42 liquid oiygen 


.774 


20.4 


4,040 


15.00 


236 1 


(15) 40? nitroMthane, 60? 
hydrogen reroiidB 




20.4 


5,350 


.24.3 


22? ■ .■ | 


(16) 70J nitroBithane, 2B 
hydrogen peroxide, 4? 
eater, 5? cethyl slwhol 




20.4 


4,950 


21.1 


226 ■. 1 

i 


(17) 92.9? nitronettsne, 
7.1$ liquid oiygen 


1.139 


20.4 


5,160- 2,910 




225.5 | 


(IB) 21.4S athjl itatol, 
78,56? hydrogen peroxide 


1.239 


20.4 


4,590 2,960 




225 | 


(19)- 22.2J seioliM, 54.5? 
liquid oxygen, 23.3? 
liquid nitrogen 


.931 


20.4 


5,290 3,020 


23.92 


221.5 : 


(20) 57.1J oe'thyl alcohol 
42.9? liquid oxygen 


.911 


'20.4 


4,120 2,350 




221 


(21) 25? aniline, 752 red 
funiog nitric itld . 


1.390 


20.4 


5,525 


25.41 


220.5 


(22) 17.9? mm-etSyl wi- 
line, 82.1? iliad add 


1.396 


23.0 


5,060 3,403 




210.0 


(23) 33.6} liquid dihoreae, 
66.4?it,ter 


.706 


20.4 






200 \ 


(24) 24.4$ ethylene disnine, 
55.4? hydrogen peroxide, 
20.2$ liter 


1.174 


20.4 


3,140 1,780 




196.3 


(25) 48.4? liquid ethane, 
51,6? liquid oayges 


.760 


20.4 


1,910 • 


12.40 


180 
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Konopropellant Syatena 








Systen (*t, percent) 


Spec. F 
Grav. atiajfl. 




I, 




1 


(1) MtroMthme (100$) 


1.139 20.4 


4,590 




20J 


222 


(2) 80? .ethyl nitrate, 
20? methyl alcohol 


20.4 


4,370 




20,0 


221 


(3) 70? nitroglycerine, 
30? MtroteflSec* 


20.4 


4,950 




22.9 


217 


W Nitroeethatie (lco?) 


1.139 20.4 


4,430 


2,400 


20.34 


216.5 


(5) Dlettyleno-glycol 
dlnltrate (1C0?)' 


1.483 20.4 


4,590 




a.8 


215 


(6) Methylene-glycol 
dinitrste (100?) 


1.433- ' 20.4 


4,540 


2,520 




213.1 


(7) 89.6? nitroBttoa, 
10.4? tdtroteateM 


1.181 20.4 


4,450. 


2,400 




212 


(S) 98 uitoBethane, 
10? nitrobenzene 


20,4 


3,930 




19.4 


211 


(9) 83? nitroisthme, 
17? nitroetiane 


1.133 20.4 


3,940 


2,050 




206 


(10) 90? diethyl«K-glycol 
diMtrate, 10? nitro- 


20.4 


3,960 




20.6 


204 


(11) Ethyl nitrate (100?) 


20.4 


3,530 




18.2 


203 


(12) 61,9? nitronetbane, 
38.1? nitroettam 


1.105 20.4 


3,310 


1,650 




195.9 


(13) Hydrogen peroxide 
(100?) 


1.463 20.4 


2,258 


1,173 


22.63 


146.3 


(14) 37? hydrogen peroxide, 
13? sa'ter 


1.381 20.4' 


'1,668' 


840 




126.3 



I >■: ■ 
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Tho quantities T , U wid tf of forrula (1} are calculable for a given - 
cbssber pressure. Their ralnea along with epscifio Impulse and density • 
are given in table (1) for a rnabor of propellunt syatena. Thie list 
liooa not ooataia all possible oystons but is representative of robots 
obtaininf; their, energy fron oeaiwafcion. At first glance it night seem that 
In view of tho varioty of fuels asaUobln for consideration^ the perforn- 
ftnce. night m>11 riao beyoad tho licl*-s indicated by tha table aa imnotieed 
fuels with higher hoots of conbustion s:re brought to attention. £■«& the 
problem is not quite so 8inp2a is shorn by conparison of liquid oxygen- 
alcohol with liquid oxyiynj-gasolinu, The hoat of concussion of gasoline 
i 3 appreciably hi^-cr (b'$ higher if n-octane is used for g&solira) than 
ethyl alcohol. Tet thB specific impulses of tho too systens ere approxi- 
mately equal, The underlying .reason is the uppcar&ncc of dissociation at 
ebout 4S00°fi shich absorbs large asounts of energy. Both Syst&s are 
conposed of ■&10 slecents carbon, hydrogen end oxygen. la addition to the 
equations qf oxidisation of alcohol and gasoline to carbon dioxide and 
water, the reversible reactions of dissociation 



CO +h rrco * HO, 
outer into the equilibriun of tho products of aoribustic 
cases. Tho diBSOciation process^:- arc uocmaiunied by t 
large amounts of heat so thus ~l;e f-ruuti-;- i.i«- •? •*.i-"-w 



sorption of 
i of gaaoline 



is absorbed chiefly by iuoi 



ii dist 
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genaral behaviour it is vnident that idle QoEson oxidizers and fuels compose! 
principally of carbon, hydrogen, oxygen, and nitrogen imiat be fairly reprs* 
' seated by the .exaBplsa of table {1 ) aiace the sane diaaociatiofls' nuat 
appear to limit the chanber teHPeravure3. She use of liquid ojone, for 
iaatEiioa, which, haa a negative heat of forpation, instead of liquid oxygen 
may inoraase specific inpulaes but not significantly. 

Since coehob fuels and oxidizers pronn.se nothing phenomenal it is 
natural to eraiane the uncoiEon reaetants. If m wrn to the halogens, 
fluorine 13 the logical choice because of ita Iqh eqIqcuIgt waigit. 
Furtheroore, hydrogen fluoride dissociates less easily titan water/ iligh 
Eoleeulor weights, however, Unit the choice of fuels to the nca-carbor.- 
aceais, sinus the best carbon COMoimd which could appear in the products 
of conbusUcns is carbon tetrafluoride which lias a nolocular Height of 98, 
twice that of its oxygen-formed counterpart, aarbon dioxide. Angther 
disadvantage of fluorine is thus it is one of the nose reactive aubatanoea 
known and, therefore extremely difficult to Siandle and store, ilao 
hydrogen fluoride ia sufficiently toxic to have had consideration as a 
weapon of chesical warfare. 



J:"JiiJlL>AHnx;-D6UGCAS'. AIRCRAFT COMPANY, INC. 

-BBanD^rj^aijg-aB a ii^. vmtf a - -»Bwirw_si^UB8L 



Chapter n _6_ 

Uatala have also teen considered as fuela because of their high heat's 

' of oocbuntion. Homver when the Holeoular weights of their oxidefl are 

lighted against their heats of onnbustion it is not olear that this . 

approach leads to higher specific impulses. Dr. A- J. 'Stosiok* oaUs 

attention to the f&ot that the heat of fonaatian of the gaseous fern of 

the Dtitftl ojcidoa is uoaslderably less than that of the solid forau The 

latter \s the one usually quoted in the present connection. 

table (1) aims that tho specific inpulae of liquid hydrogen end 

liquid oxygen exceeds by an appreciable margin tiiat of any other aysfcm 

listod. If we consider that liquid oxygen is pure OKLdiser, that T c 

oannat bo ieoreasod approeiftbly and that an excess of hydrogen is the 

cost effective praotionl cceiKJ o? obtaining Jew average ciolecular weight » 

it seens probable that the oxygen - hydrogen 3yaten sill maintain its 

theoretical, auprenacy in specific inpulae for soeki tine to cone. The 

syatan has, however; a large nuaber of disadvantages which siast be 

overcoEo before use in a rockot notor. To begin idth the density of the 

sysfcea ia far below that of any other system Low density increases the 

size and therefore the weight and drag of the vehicle. She boiling point 

of hydrogen ie of course very low, -259.18°C. which seans that the vapor 

pressure Bill be high. The combination of high vapor pressure and l<w . 

density pukes a light weight ample puflping system alaost impossible. 

•Boat of the above argmsent against the likelihood of renaricable propaliant 
system hqb gained through aiveroal diuongaioji vfith Dr. Stosick a? C-AKIT 
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Chapter „ M n $ 

The low bailing paint, snail temperature range (6,4 C) of the liquid phas« 
and low beat of vaporization of liquid hydrogen aake almost imperative use 
of thermos piping and puaps; High diffusivity of hydrogen cabs sealing 
leads nearly impossible which, combined with the fact that hydrogen aad 
osygea ara violently ejplosiva in mixture ratios anywhere from # to 9$, 
rakea accidents inevitably frequent. Cooling a bydrogen rocket is es- 
pecially difficult. Saithar liquid 07ygen nor liquid hydrogen are usabl* 
for ragenarative cooling because of their low boiling point?, liquid oiygao. 
could not be used for ftls cooling since tie awe n«arly atoicbioaetric 
nixtore fcraed along tie wall froa the aices* hydrogen would give intent* 
hsat, So? ccsH liquid hydrogen be'osed since it diffuses too rapidly 
to fora an insulating fila. Emerimntel investigation la-difficult and 
nasardcus because the esness hydrogen in the rocket »±auat forna a bugs 
ball of flace on coaing into contact with the atmosphere. 

The difficulties enunarated tend to reduce the effective engineering 
use of the byuragan-ojygen ootor. In fact, the Canaan 7-2 engineers, fraa 
lion sons of the inforaation on hydrogen and ojygen was obtained, state 
that coaparative designs, cade for a rocket using bydrogai-o^-gen and 
for the final rocket using alcohol-oxygen ahowed that the alcohol-osygen 
rocket wab r superior in overall performance when all factors *ere taken 
into account, 

Soil* the difficulties of using liquid hydrogen as a fuel are dis- 
couraging, no one of then Can be said to he impossible of satisfactory 
solution. It is conceivable that our technology say advance to a point 
Khera pufli s can be- replaced by a lighter pressure feed system such as a 
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Chapter _£ 

gas generation system. The need for cooling cay bo reduced by more heat 
resisiiaat materials and the inclusion of a third fluid for tfca specific 
i-ur£ooe of fila cooling, and so on down the list. Of all the disadvantages 
of hydrogen, only the effect of low density on the si.39 and ireight of the 
vehicle ie an irremovable difficulty, Connequsntly in a study of the 
feasibility of a satellite vehicle, the liquid hydrogen-liquid oiygea motor 
rcat be included as an evaluation of tbs forth and necessity of a high per- 
forEanw uotor. - 

By; the sane token it- ia desirable to includa in. the present study 
sow voter with less speoUrater peTformnce, but iMch has nsd sufficient 
davelopMnt to iiaura that this affimnj&t Icier jarforaance can actually- bt- 
attaintd in practice. Only fmir.flyatBa"; lipoid oiygen-alcanol, acid- - 
afiiliUB, hydrogen peroxidMilcohol (with hyfenine hydrate) and liquid 
c^rgenigasoliae, hare passed out of tht taecrptical-eaferiaental atage. and 
bflcwse production or asai-productlon ootors. One of ifceae, o^rgen and 
gasoline, is dubiously placed in this class since satisfactory cooling has 
not yet been achieved, the moat successful motor, to date, particularly 
froa the important standpoint of specific impulie, is the V-2 Eotor nhich 
used liquid o^gs} and alcohol. The theoretical value of the specific 
inpulae U seen froa tabic (1) to be appreciably higher than any of the 
other four easept oxygen and gasolis*, the least successful of all. Con- 
eminently, if the cM« of notcr ii restricted to those not available, 
beta theoretical and past perfonrace force the selection of the liquid 
o^gen-alcohol motor. 

The theoretical value of the specific lunulas of a recket actor, as 
would be ejected, is never reached in practice. It is generally agreed 
that 9$ of the mjima theoretical impulse is obtainable, This figure 
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ia supported by experience iTith acid-aniline fiotor wliioh has been subject t 
extensive investigation and development. Sy improving the cooling so as- to 
allow uae of the noat f evorable .nixtufe ratio and by inproving the injector 
syaten bo as to obtain better airing tha specific iapulae of the acid- 
anilipe rater has bean brought up to SOfC of its theoretioa! naxinun. It 
ia reasonable, therefore, to suppose both ojcypja-alcoiioi and exygen-hydrogs 
will ultimately be brought to Has sane degree of perfection whi>ih is 
equivalent to assuring specific inoulsgs of about 220 and 32G gee,* 
respectively. In the case of oxygen-alcohol, 220sec. is not overly 
optinistic since the V-2 arbor is estimated to Sun hod a specific Ispulso 
of aboin; £15 sou. 

Available tine pemitted sfcitileg of satellite vehicles eiaploying both 
en oxygen-alcohol cotor tilth the aforertentioned expected inpulse of 220 
see. and an oxygen-hydrogen aotor with a apeeifio- inpulse of 326 sec. Sad 
tins teen available a study baaed on the liquid o*ygen-hydreii;i& would 
have been interesting as a happy neon between the hi^i perfornanoo and 
excessive disadvantages of the oxygen-hydrogen Ector and the lower perfora- 
ance but proven feasibility of the oxygen-alcohol nofcor. According to 
table {1} the specific inpulse of the ayaten with 6$ hydrazine is 2K 
aeo* and the propeliant density is 1,061- Both figures an.- higher than 
those for oxygen and alcohol. The boiling point of hydrazine is 113. 5°C.' 
which is also higher than alcohol* Another advantage lies in the fact 
that the notor can be cooled by using an excess of fuel without aerioualy 
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lowering the specific iHpulde; tho loss in oh&aber taiaperature being pai 
ially offset by tiia appearance of free hydrogen in the gases. Ho obvioi 
disadvantagea enter except unavailability of hydrazine in large quantities 
and Soma toxicity, The foraer is gitj.il to be due to lack of flomeroial 
deMffld uad to ba easily overcofie^ 

■ A few Iteas in conneotioa mth the propellant feed systen, the ohanber 
pressure enii the configuration o; v the oonbustion ohraber and nozzle remain 
for discussion. Tine has not permitted a study of the feed systea but, 
oa the basis cf prosent knowledge and experience, turbine driven centri- 
fugal puE?is should be the tost econotdcol in might for each. atage_of_the 
satellite vehicle, Recently -the notion of -using u gas generator for 
providing the pressure has been considered and' sone work hus been dona on 
dweloping fte aethod. Such a schene looks prnnising fron the weight 
standpoint. At present the turbiao driven jwhp ie the rare advanced, al» 
i&augh the aargin is rather snail smce only a fe* punp-feed systens have 
seen designed. 

Quaes for tha turbine oould be generated by burning the propellents 
' in a firapot separate frcn the oabustion chamber. However, gases gener- 
ated froa Boat syateHB aust be oooled by floats aaane ayah as introducing 
ifater as a third oaEponeat. A notaalergxneption is tho nonopropellaat 
hydrogoa perori.de which under tha action of suitable catalysts decomposer 
&) 'steam' slid oxygen. This systea was used to generate steam for the V-2 
turbine a. 

An optinun ohrabar pressure exists for any givan Installation. This 
optimum is fixed by ttto factors, the favorable increase in specific impulse 
and the unfavorable increase in weight of oharaber and punping system as the 
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chamber pressure increases. Since, for moat installations, the optitauia 
works out to be about 300 paia, this value itcb assimed for the aatellite 
vehicles considered. A motor designed to operate at a given chamber 
pressure nay also be run at s lower proeSure, as long us the lower Unit 
at nhioh the propellents bum stably is not passed. Consequently throttl- 
ing to a lower thrust ia possible, a maneuver which will be seen in a 
•later chapter to -offer an advantage in reduced structural weight. Fig. 
(2) shorn the behaviour of T, p and'I with throttling for en acid- 

. aniline tiotor. Since no .auitaole data were quickly available on the 
throttled characteristics of either alcohol-oxygen or hydrogen-oxygen 
rockets, we shall use for later: investigations of this problen variations 

..similar to those shown for aoid-aniliite. 

in iaportant parameter governing the confi gyration of tie no : :le is 
the ratio of the exit area to the threat area, called the c.^unsiou ratiot 
For each value of p /p an expansion ratio 
•SKiatB Tor flhieh the specific if$ulse ia a 
nasiffiUBi In the aase of the satellite ve- 
hicle for which the rotor must operate at 
a constantly increasing altitude' and there- 
fore constantly decreasing pressure ratio, 
a OOlaprocdse between the optimn expaneion 

ratios at highest und lowest altitudes of operation of the motor raust bo 
made. Figures (3) and (4) Bhow the variation in specific impulse with 
altitude, for alcohol-oxygen and hydrogen-oxygen rockets respectively. 
For these figures, the chamber pressures are assuned to be £0 atmosphere 
and the specific impulses at sea level for nptinua expansion ratio are 
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Chapter 6 

taken as 220 and 526 seconds, in agreement v/i-h our earlier values. It 
is olear from these ourvos that for tlia first stags of the satellite ve- 
hicle a- smaller e^unsion ratio la required than for later stages. In 
the ease of the alcohol-oxygen powered vehicle an expansion ratio of ti ■; 
used for calculating the trajectory of the first stage; in tho case of 
hydroger.-oxyg.en, 8. For the later stages in both cases the expansion ratio 
were arbitrarily linited to 20 for. the preljninary calcula; 
design progressed, it becaae apparent that sonenhat larger 
iters both desirable aitf possible for these later stages. Jfonevor she TSpffc 
necessary to change the calculations at this tine 

She chief consideration governing tlie shape of the conbustion or 
is the necessity .for aliasing sufficient tine for airing unit burning 
propellents while still in the chancer T As inproverients in rising are satle 
the diaensions of the chsnber tend to decrease since the tine for coaous- 
tic's becosssless. This principle was carried to a hi £n degree Oi develo: 
aent by tlie Geraans, tteo by the end of 
the war, sticoeeded in reducing the ehatber 
dimensions to 'such an extent that they 
were able to use the so-called throatless 
combustion oheriber shorn in the sketch, 
for the V-2, this ec&bustion chuiiber nas 
less than half ns heavy as the one used 
on production ncdel3« 
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For Bost rocket aotora, where the 




expansion ratio is not excessive, it is 




sufficient to use a straight conical ex- ' 




panaion for the nozzle* However, irhen 




expansion ratios of the order of 20 are reached, a 


onicai diffusor nust 


be made undesirably long in order to avoid losses ir 


noajle efficiency 


aausod by the large radial coBponeata o? 




jat noBentun. In order to avoid this it 




is advaufcttgHOus to use a nozils shaped 


— , 


as shorn ac tho rlg!it. This type aaztle / 




usB used "on the propoaad design. 





fiMJtlsapsrsr DOUG[_AS AIRCRAFT COMPANY, INC. 



'RETJMIKAftY DESIffll OF SATELL ITE VEHICLS wost «a£!fcJlgL 



7. CONSIOBtAHOH OF SIROCTORAL SEIGHT 

fa The Influence of Size on S t r uctural ffeight of Rockets . If t*o 
geofiatrlcally similar structures of different sise aw compared for 
strength the ssaller is usually the relatively stronger, the laws gown- 
ing this relationship are expressed by the doctrine of mechanical slMli- 
tada, ehic'n considers tha dimensional Qorrelatlpiis imposed by the invari- 
enes of certain of tha physical properties involved, 

AasuE-a for insteace, that tha gacatrical alailarity eztenda to ell 
structural details, especially tha degree of subdivision of structural 
centers, I? the loads are nriEarily derived froa voItem forces such 
as seights snd inertia end if the two structures till be subjected to 
identical accelerations, assigning also that the structures are rteda of 
identical Eaterials, thaa the folloiing relationahipa obtain batmen 
dimensions V ebm, L length, T tioa 

Sfir * conat for invariant oatsrial density 
L/r * const for invariant acceleration 

The product of both inplles 
Uflrr ' const, iavarianca of force per unit 7olune 
Since stress is force per unit area it does sot reaain invariant 
httt increases aa K/tr = const jc L, Tharefora «hera strength is governed 
by stress, as for instance is neEbera carrying tenailo or bending atres- 
ia the ratio of stress to given strength increases in linear propor- 
tion with size. To assure equal strength, the larger member will have 
to ba made huskier, hence 'heavier- If nail thicknesses are Increased, 
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the structural weight per volme of vehicle would tecfl to go up approx- 
imately in direct proportion; actually this starts a ricious circle in- 
asmuch sb tlia increase in gross weight Trill encroach on performance. 

flhere structural niters are endangered by Units of structural 
stability as in colunm compression, there the critical carrying capacity 
is also increased at the rata of taa square only instead of tee cube of 
sise ao that the diaadTantegs in strength as mil increases linearly with 
si» exactly as in the case of tensile stress tseirib*rs. However, where 
strengthening can be done by increasing column disasters, this would 
suffice at the Tate of the fiTe-fourtns power of slae instead of sail- 
thickness increase at the rata of the squaw of size. 

Ibids originating frofl aarcdynszic action which are suffered by 
surface iapingasant, increase only proportional to the square of linear 
size. 5fcey can therefore, as far as-Telocities am inrariant ae inte- 
grals of acceleration ("Bwariance of tiae scale' 1 ) be suffered without 
additional burden. However v they Kill not evoke eona! transverse ac- 
celerations, hence less path curvature, in inwrse proportion to linear 
size. Hence it follows that such inertia loads as are derived frofe 
lift (and nettbsr frca thniat tier gravity) can be carried without beef- 
ing up the structural Eenbers concerned beyond proportionality with size. 

Shore the load components due to gravity are negligible compared 
to the axial inertia loads there it becomes preferable to abandon the 
invariasce of acceleration, retaining the invariance of corresponding 
velocities by adopting a time scale proportional to size; t » L. Mo* 
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all Inertia forces sill rary just like area forces; the stresses and 
the strength of all structural nenbers ill! be independent of size, 
Thrust will also have to increase with area, not with voIihto, hence the 
throat loading of a jot nozzle will be invariant (whereas it had to in- 
crease linearly sitn size under the aaaunptlon of equal acceleration). 
The- thrust t)rocass adll no* take longer iB proportion to the licear siae 
and the range traveled under poser nill ainilefly he larger, but this 
cay not be detrimental. It nill reduce naneuverability because the sees 
velocities lill be attained at lesser air densities. 

This analysis hag a bearing on the choice of the best acceleration 
peat value for a given vehicle size as this choice taist be governed by 
a eonmronise between those factors ihich derive an advantage froa quick 
acceleration end those shich favor keeping' it slow. The structural weight 
of senbers carrying the inertia load belong into the latter group. In 
a vehicle of the V2 (M) type they - tanks and fuselage - are esticated 
to cake up about % of the gross Wight. Thia teight component 411 
bavs to be expected to go up in linear proportion to axial acceleration, 
The Might of the thermcdynsflic and aechanical machinery of the cower 
■ -plant which make up about 10? of the missile's grcas wight, ahould es- 
sentially, be linearly proportional to thrust, thai similarly to axial 
acceleration. Silica tank loads diminish aa fuel is burned at a constant 
rate, their strength is dictated essentially by the initial acceleration 
of their own stage or by the early surge of it occasioned by the gain 
of motor thrust efficiency with altitude. However, thay must also be 
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capable of withstanding their full fuel lead at the peak accelerations 
of all preceding stages, ill subsequent stages nil] therefore require 
relatively stronger strue'turea than the first one, unless ths aotora 
are throttlect during -all of the powered flight stages except the last 
one. This esmis that a margin baa to b*. applied in any attempt to ex- 
trapolate a milti-stage aggregate irois a single stags prototype. 

In terns of the whole vahlclO' it may be dtsiraHd tc strlkft a 
cosprontise to balance ths advantages and disadvantages, a slightly 
heavier structure 1 - is balanced by the relatively; lighter po»r pleat 

■hen the thrast-or acceleration is decreased apprtndnately at son* ratio 

-2/3 
lfts L . The following table gives a.roagh astinat* of the might 

Changs, in $ of the ptoto^pe gross might, assuming the Itsnks and tani* 

like atnn3tuMfl D nada up % acd the "power plant* 136 of the prototype 



tee 


linear seals factor of gao- 
Mtrically siailar aalarge- 


14 


a- 


a.s 


4 




I 


Retaiaing the prototype ac- 
celeration schedule, struc- 
tural teight increases to: 
iMle ponar plant might 
reaains unchanged 


J 


5 


9 


15 


i 


a 


Reducing the thrust loading 
Inversely witii enlergeaent, 
naiwly toi 
sawa on poter plant night bj: 

structural might 


70 
-3 


50 
-5- 


35 

■a 


25 


i 

i 


3 


To offset structural wight 
increase by saving in pcfler 
plant aaight would require 
reduction of thrust loading to 


30 


64 


50 


■fi 


i 
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However, any drastic reduction of thrust loading can only be con- 
sidered where the prototype acceleration is sany tinea gravity in ths 
first place. It would disastrously encroach on performance when weight 
alone exacts a large fraction of ths thrust loading. Obviously, 4 re- 
duction of the apparent acceleration of the 72 to 5$ of its initial 
value of 1 g would leave it burning itself out sitting on the ground. 
Actually, considerations of the influence of acceleration changes cannot 
ho separated froa perforcance calculations; they fill la treated in con- 
siderable detail in the next chapter- 

On the other hand, an; saaplets vehicle of a typical design fill bs 
coaposed of various components which Eay be divided into several groups 
those weights vary essentially with sona core or less established ex- 
ponents n of slae, or of other characteristic parameters end these compo- 
nents will Bake up certain fractions <*/£ of the gross wight. ■ 

Assura for instance, that tank weight is proportional to the nth 
power of the fuel weight, (it was shown above that mder certain assnEp- 
tions n*i/3; uudar others part of the tank end fuselage structures aay 
have n = 5/4 or some value between 4/j and 1; an average may well be less 
than 1.30)4 Assume that all otter coapjonents weigh proportionally to 
gross weight. Let cM denote the fuel night. Denote the quantities 
in a known prototype breakdown by index so that tie. prototype fuel 
weight is A A and the prototype tank wight (1-et -J ) s whsra 
/tf fl h£ is thi weight of everything that is neither fuel nor tank and 
assumed to usigh proportional to gross weight- Then in any article 
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geonetrieally enlarged (except for beefing up where necessary) the fuel 
Bust be a lesser fraction of -the gf03s weight, naffiely *ff and the tank 
weight (1-ri -^ )f. lies* quantities will then CClpaW la the propor- 
tion (^^/aC o » ) 




/-*-,* ,/kJ 3 AO 



Uia following table of values of gross over payload for eiponants 
froa 1.3 down to 1,1 will give an idea of the order of cHpiituda of' the 
reduction of fuel capacity ngcesaary and also of the sensitivity of the 
result to the choice of the sssuaption-of h. 
Values of ^roaa lei^h 



h . 


1.10 . 


1.15 


1.20 


1.25 


1.30 ■ 


4 * 


a 


.25 


.20 


.25 


.20 


.25 


,20 


.25 


.20 


.25 


<t.J0 


1 


1 


1 


1 


1 


1 


I 


1 


1 


1 


*..« 


130 ■ 


2310 


1 26 


179 


12 


50 


7.3 


23 


5.4 


14 


.» 


5580 


322000 


331 


4950 


81 


613 


35 


176 


21 


30 


.55 






2sa> 


65«B 


as 


4350 


130 


350 


61 


292 


.50 










1830 


23500 


435 


3340 


163 


920 



Actually there will also be some, parts of tho nissile which will not 
require enlargeiaent or even dislocation on Bother stages, for 'instance the- 
"braina". These could well be taken out of the structural wights elasa 
and Imped site the ultimata payload. It ia estisated that about l|j( of 
the V2 may be in tols category, which would bring a worthwhile improvement 
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of tha nother stages' nasa ratio and can be pitted againsE the might in- 
craasas entailed by enlargewnt previously discussed, However, the ad- 
vantage thus Ef&rded eventually fades into insignificance ihen en- 
largement la carried to eirtrsnies. The fact therefore reEnaiiathat un- 
liBited geonatrioal enlargeoant of a rocket rill eventually bring a penal- 
ty ia weight* This ia contrary to the contention advanced by soce that 
structural efficiency lill indefinitely increase with size. 

The very fact that sons parts of tee prototype need not he enlarged 
as the prototype is enlarged *orka a hardship whea an attecpt is aade to 
reduce the aize. Indeed acEe parts cannot be reduced proportionally or 
not at all* Ifcey may have attained practical or otherwise deteroined 
mutant sizes. 'This is a vary real problem in the sanufaeture of minia- 
ture BOdala. For this reason It appears that the real weight per unit 
=oluis increases toierds both the s&all and the large era of the scale. 
There is an optiaua scseihers is the rea2fl of "coderate" sizes. This 
optjiaiB is presumably rather flat, its exact position will sensitively 
depend on minor variations of the components. 

thus far only geometrically siEilar "blow-up 1 with aize has been 
considered. The disadvantages attending Ms Eethod of enlargewnt arise 
from the fact that pressures due to Volute forces go up with also. This 
applies to all hydrostatic pressures in tanks and the critically thin 
supports of mass loads. It would equally apply to power "plant parts 
built to withstand pressures, notably the burning chamber if the latter 
aere to handle a thrust proportional to the volume through a throat 
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area proportional only to the cross sectional area of. the vehicle. 
The latter is not feasible tharmodynafliically, tiara being no reason 
why higher pressures and tenperatqres should become easier to handla 
ae the article is enlarged in size, Within a United degree it nay be 
possible to increase the noazle diaufflters 'ffiore than, la gaoEetrical 
proportion to the. rest .of the vehicle, bat whan it surpasses the cali- 
ber then geometrical similarity of the configuration is violated, 

Both the hydrostatic pressure increase and the nozzle thrust load- 
ing increase are avoided if the vehicle were to be enlarged in cross 
-section area only and not at ell in height. It would then becose fat- 
ter at the rate of the square root of' the gross weight increase, bat 
all weight proportions fould remain essentially tna sacs. It is as 
though a plurality of the prototype vehicles ware arrayed, L in paral- 
lel only and not also L in series, actually this nfithod of fattening 
cannot be carried' to several aother stages as the grandmother would 
look like a mushrooa. Aerodynamic drag considerations night, weigh 
heavily against such malformation. The idea is nevertheless fruitful 
il that it points the way to a coEpromiae: As the vehicle is enlarged) 
it nay to advantage be fattened a little, thuu reducing the hydrostatic 
and noaalft penalties uithout growing out of bounds in girth. If for in- 
stance the heights (lengths) are increased by the one-fifth power and 
the diameter by the two-fifth, instead of each by the 1/3, the hydro- 
.atatie penalties should be reduced to 2/3, jat the fineness ratio would 
drop only to 1/2 for every 32 fold increase in weight. However, any such 
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violation of geoMtric similarity conjures tip Ms problems of structural 
subdivision, Urge bulkheads, anti-sloahing devices and other structural 
exigencies nhose weight penalty has to he carefully latched lest it en- 
croach on the gain to be derived from the ihole schew. 

The question a&y be posed: Hoi will a change of fuel density t af- 
fect the tank might? If the increased bulk is to be accomncdated by 
geometrically similar enlarged tanks, then the' linear tank dimensions 

; the hydrostatic pressure (at any given acceleration} 



,-V3, 



terial strength the mil thickness flee to vary lith ths protect of prea- 

-1/3 
sire by radius, and the letter varies as { ", the isll thickness 

will also decrease as f ' , { - f . the tank weight is propor- 

"2/3 4/3 
tional to the surfece and the tall thickness vis to ^ . f . Hence 

it increases wilh linear diaension or voluae , This is a strike a- 

gainst liquid hydrogen fuel which weighs only tJ of hydrazine or about 

8$ of alcohol per unit volune. This disadvantage is aggravated by ths 

fllisiness of the thinner walls of larger vessels. 

If sgsin the tanks are to be enlarged in width only and not in height, 

then the tenk radtaa varies indirectly and the required tall tlletaess 

. directly with the square root of the fuel density, 30 that the tsnk 

weight would reuain unchanged, the progressive fattening of successive 

stages would rapidly grow prohibitive. On the other hand fewer stage! 

are required to accomplish the sane pcrfonisnce with the higher extant 

velocity of the lighter fuel end vice versa so that the overall picture 



may not be radically affected. 

It la noteworthy that the optimum proportion of a cylindrical tank 

^ fron a viewpoint of dnimui *flll weight to voluroetric content is sore 
squat for hydrostatic praeaure than for unifoHi (gas) pressure, ia is 
well known, the flat headed cylinder of least anrfaca per volume is aa 
high as its diameter, (h = 2r), 

In order to sake the tank heada stand up under any imifonn internal 

' pressure, they should be bulged. Hence thay would havi a surface E r it 
each aid a calotte volume of I rw . For equal wall ttickness the bulge " 
radius would be twice the cylinder radiua and the coefficients I'iM 
and K 7 » .274. The lightest shape (neglecting seana) would he attained 
with a cylinder height of h * (S^-SK^Jr, here * l*#r and the total height 
inclining caps Hsl.36r, somewhat sMldier than the flat headed cylinder. 
On the other hand, if the tank is to stand hydrostatic pressure which 
increases linearly with height and if the walla could be suitably tapered, 
the weight of the top would be negligible but the bottom soiiH have to be 
bulged slightly more than to the double cylinder radius if it sag to be 
Bade of the saw thiekrasa as the lowest part of the cylinder tall. If 
we also neglect thin bulge for the sake, of a first rough approximation, 
then the weight of the tank fill be indicated by 

tfMhtrJr^ff wnfh/a 
where w is the specific weight of the tank material, a its allocable stress; 



„ii_B«sa« Douglas aircraft company, inc. >•-' '■ — 
iki ;, as ... 3i':TjjSI"A fUKT .« t .i'flL. 



mnam turn of smiihe reaciz , ..„.,,„ 3-U827 



Chapter _7 


n the load factor end f the specific Might of the fuel. Defining 


H » V/r ff by the volume V and the radius r, 


I'|V^»i|WA 


di!/)r = (-37/A-*l) Vmf/™ 


^Hating this to 2aro yields 




ihich is four tisas as equat as tht square cylinder of lfflifons wall 


thickness. 


If tht bottom is bulged to a radiua equal to the cylinder diaEater 


and tade thicker in tha antra according to tha hydrostatic pressure in- 


crease, than tha lightest proportion turns oat to be h=, 325 rand H=.593r 


Hhich is rather squat. Hoserar, tha influence of a variation froa the opti- 


3ua is not large end other considerations such as Bannfacture, bracing 


and lid, safeguards against sloshing, etc., militate against extremely 


shallow vessels. The lid caimot ba made saightless, the "alls cannot 


be ideally tapered, saaffls and anti-aloBhing seans hava to be provided. 


Eeaee practical vessels will probably be of proportions H/r ranging 


aoaeshere around It ?. 


Tha preceding discussion of scale effects is useful for giving an 


overall viat of the recfret design problem. ■ However, in order to sake 


weight estimates for preliminary designs a greater amount of detail is 


necessary, to attempt is lade in the following pages to consider various 
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Chapter 7 

parts of the Vehicle might separately, applying a separata scale factor 
to each part. Up to the present tins, the best (in fact, the osly) long 
range rocket is the V2, For this reason the 72 is used aa & basis or 
standard for calculation, Soes features of the present i&ulti-stage de- 
signs do not appear in V2» and separate weight allowances aust bo nada 
■ in such cases. Since no past experience or present design practice 
exists for staged rockets, Tarioaa reasonable appearing assumptions inust 
b* ifisde. 

It is to be expected that the art cf aatiEating wights for long 
range, low acceleration rockets Till progress rapidly at designs reach- 
the- layout stage on the drawing board. 
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",'ei^ht Sstisetion for Rocset Design Study, ,;s a starting Mint 




for this study, use is raade of a breakdown ji wei-hts of v-2 as jiven 


by Oilliland*. percentages corresponding to those rceijits are listed 




k column (1J of Table I belon, tinea the/ correspond to a !aass ratio 




( (iToss ;Vt. J ^ on ^ r ^ n[ . nc — c ^ 3 j. crc . n ^ ;1 .„ ;] [j„„ j^d a „ 




(Oross tit. -Fuel) ■ ■>■ " t - ' 


sinned in col™ (2: to raise the rcass ratio to i,, a ratio vMch ;:as 




achieved for 7-2 at the end of ths rar. 




Baaed on a .jroea iieiaht of 27,305l is jjyen by 'lUliland, the 




percentages of eolusn (2; yield waists for t-ie various itess as riven 




in coLrrci 0). The rt fedio and Lnstrosents" and "Warhead" of the above 




reference are lunped under "Pavload" below. 




Table I 




V-2 'Sijor r.'ey-.t Breakdo=» 




(1) (2) (3) 
sss atio J.25 sass Untie h 


tte. 


1. Tanks and Piping 5.MS l,.5% 12% 


■ 2. PuininfUnit 5.7 !>.? 1230 


lis, 


3. Nozzle and Oocbustion oiiasoer 3.3 2.5 630 


lie, 


4. Controls and Surfaces t-9 Jt.l ■ ■ 1120 


11a, 


5. mels 6?,1 75.0 20,430 


lie. 


6. "SMrlffld" 11.1 9.2 2510 


Ita, 


Total 100.0 100.0 27,305 


lie. 


Although the figures of 7able 1 above are admittedly iascsurate, 




they represent the best information available to this NrUer at the 




■ present tiice. 




*0illiland, e, .'!,, Kocket-Posered ::issiles, Jet propelled : issiles 
Panel, :fey 1945, pi3e 1,5, 
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Itois of Table 


are further broken do«n in Table II, below, atiil 


folloiing Stlltl* 


ad's outline ; ; but using revised figures. 




Table II ■ 






V-2 "Batail" BrealcAmi 






1. Tanks k Piping 


Subdivision 


teight 
lbs. 


Sub-totals 

lbs, 

•1?*0 




» 


integral Tanks 


1160 




b 


Distributing Pipes 
£ valves 


70 




2. PiiBpiEig Unit 






1230 




Poifer unit & tanks 


' 730 




b 


Mounting £ end frsae 210 




. : . o 


Shell structure 


jiO 




3. KoBiie & Conbustlon ChaaSer - 


680 


6S0 


A. Controls a- Surfaces 




1150 


■ 


Fins 


630 




b 


Internal controls 


390 




o 


External controls 


100 




5. Fuels 






20,S«0 


» 


Oxygen s 


11,500 




b 


Alcohol 


8,980 




6. "Payload" ' 






2jl0 


b 


Radio compartment 

& frsaes 
Radio Equipment 


270 
130 




« 


Instruments, Tiring 


360 




d 


Compressed air bottle3 70 




« 


?iarhejd 


1780 
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Chapter _? ,,,_ 

It is convenient, in the analysis »hich follows, to regroup the 
items and subdivisions of Table II, so that Quantities ahich vary alike 
with scale of the vehicle can be lumped. Such a regrouping is given in 
Table III, with suc-totels that apply to V-2. 



Table IE 


Eei^ts Rasro 


ced for Analysis . 


£255 


Contains subdivisions 
(Fros Table II) 


T. Tanks 6 Structures 


la, 2b, ?c, 6a 


U. Miscellaneous Structure 


not in V-? 


N. Nozzle, chssber, praps 


hi 2s, 3 


H. Provisions for Hj 


not in V-2 


C. Controls 


2a, 2b, 2c 


B. "Brains" 


not in M 


?. Fuels 


5a, 5b 


?. Parted 


6b, 6c, 6d, 6e 



Total 37,300 

Groups as listed in Table III are separately discussed and analyzed 
below, A list of notation is given here to facilitate such discussion. 
a = design acceleration foe structure (no* of V s") 
ff H applied tensile stress, #/in 
. . . F t - alloirable tensile stress, 8 fa 2 

k n = constant, m&y or may net be diaeaslortless 
L = scale .dimension of length 
I - length of fuel tank, inches 

(o) =' subscript^ referring to V-? ?s a basis for calculations 
f - fuel density, #/in 3 
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p <* fuel pressure 8 /in? 

r .= radium of fuel tank, inches 

T, M, K, etc, = group weights as captioned in Table III 

t = nail thickness of tank or shell, inches 



T * duration of burning for a stage, seconds 



Group T. Tanks and Snuctiire 

Since s high percentage of the<rgrose weight. (60 - 70^ is in 
fuel, it is- to be ejected that fuel tank weights Bill have a raajor 
bearing on the overall structural Height. For this reason/ the 
structural itsss listed by GOIUafld for the 7-2 projectile are 
all luaped end assumed to vary as the fuel tank Height. 

Fo? our purposes, the fuel tanks are assumed to be integral 
■with the structure, rather then separate, although this point has 
by no neans been finally Settled. 

Consider the fuel tanks in a manner similar to the discussion 
(p. 58 to _§L of this report) on the influence of sise on the 
structural weight of roc-cats, 
. P * fe ie m , 1 . ... ■ ■ ■ 

^t a *t = t~ * c °nstant for a given wall material 
*;,t*Jc 2 pr'k 3 paJr 

(a) Side nils of tank 

Area = 2ffir 
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;. T„ - wt of side Kalis 

= t x urea = 2 kj pa 1 V 

(b) Tank bo&toa 

Area = TTp 2 

.'.I ~ 7Tk„ pafp 

Ml T -T, + I b 

-irkjpi(2tVt/r3) 

P (= fuel »eigit) = dtA 
. X. 1 

"F = kja(2£* r) "k^* 2) 

• Froa V~2: 

T - 1080, P = JD.IFO 



= 213, r 
;.k,= ,0001?? 



2.0 



s(A5 (1) 



Using f.ppr<uaEate dinen: 
stage alcohol, oxygen rocket 
vehicle, gwnp T weights ham 



ions Tor design studies of (a) a four 
aid (b) £ t«o stage hydrogen, oxygen 
been calculated end are given in 



Table IV odd*. In applying a valae for a, it should be noted 
that the design acceleration for the first staeC' is at the start 
of that stage (rainiimiai acceleration, full tanks) vfrereas for 
succeeding stages the design acceleration occurs et the end of 
the first stage burning (maximum acceleration, full tanks). 

For stage I of the alcohol, oxrgen system, it is considered 
that the extrapolation from V-2 is too ersat for a aiiaole scjle 
effect formula^ perefore an independent estimate baaed on £ 
reasonable minimum shell thickness is shov-ri for this cp.se in 
Table IV. 
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Table 17 
Group T (tank and structure weights 



i350 H,300 
2250 ' 36,000 



Group '&. Miscellaneous Structure 

This wi$t group is provided to alio* for structural iteas that 
do not appear in V-2. There are tarn ma^or components considered. First, 
to alio* for coupling of stages, an amount of fa E is allowed for esch 
stage. Second, to allow for ndnimuni gauges and general nsiacellaneous, 
weight is assisaed ™ich is )$ % for S = 1000? pounds mi sero for-?? K 
27,000 oounds aid above. 

Group M wei^lts as described above are shewn in figure I, sn arbi- 

Group tf. Sozzle, Cheaber, Flams 

Tiedghts placed within this group are those shieh depend utwn the 
rate of fuel flovr for their size. It has been found in past designs 
that the complete power plant varies nearly directly with the mass flow 

For V~2, 20,430 pounds of fuel are burned in 60 seconds and H is 
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Group C. Controls 

Percentage of <*ross wei$it taken up by electrical, mechanical and 
structural controls and surfaces has been found to vary roupnly uith the 
30usre root of a linear scale dimension, based upon 
aircraft design. 



thus jj . \f- 
But L varies as S 1 ' 3 



) avoid handling large- numbers, write this in the form 



(E)7/6 , , ,7/6 



Group H. Provisions for Hj 

For the hydrogen burning racket only, it is believed that special 
previsions will be necessary to (a) maintain the liquid state inside 
the hydrogen tank (b) prevent escaue of fie liouid and (c) prevent ■ 
explosions due to the wide explosive mixture rant?e. Although no logical 
basis now ensts for calculating the weight of such nrovisions, a reason- 
able amount may be 1? of the gross weight of each sta^e. 
Group B. "Brains" 

By "Brains" are meant the central guiding units which furnish com- 
mands to the control system in order to suide the vehicle on its tra- 
jectory. A weight of 200 pounds is arbitrarily allowed "or such eouip- 
ment. This itsa is applied only to the last stage of each rocket system, 
since a single set of "Brains", with nroper control system connections, 
should serve all staees. 
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Group F. FUel3 

The total fuel Height for each sta^e is determined from a percent^ 
age of gross weight, tfiich in turn is derived from trajectory calcu- 
lations for the particular fuels and number of stages employed. Tra- 
jectory calculations are set forth elsewhere in this report. It will 
suffice to say h«re that for alcohoL-ojiygen i-stage systems the fuel 
weight is taken as bd% of the gross weight for each stage Tflereas for 
hydrOfie!H>;<yj>en i'-stage systems the fuel is 71? of the gross xeifiht. 
Group P. ?ayload 

For the final stage,- -the payload has been set arbitrarily at 
500 pounds. For other stages, the peylosd of each staae is the gross 
* «eight of the succeeding stages. Since the gross weient of sta^e ? 
(say) includes the Heights of stages 3 and A it can be. said that the 
payload of stage 1 is simply the jjrcss weight of sta^e 2, aid so on 
for the successive stages. 

Gross weight is the sum of groups T, M, N, C, H, B, f and P. 
Using the formulas and assumptions described above it is oossiole to 
tabulate the weights for a 4-stage alcohol-oxyeen rocket and a J-sta^e 
hydrogen-oxygen rocket. These ere given in tables V and VI, resoective- 
ly. Since the solution for gross weight, fad and structure in terns 
of each other is a trial anderror process, these figures are not 
completely accurate or consistent, however, they are close enough for 
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febls V ifeight SlraaryJ -'eight in lbs. 
i-stage Alcohol-Oxygen Rocket 



Tacks & Structure 120 


590 


4350 


14,3CO 


Hi'scell, Structure 160 


OT 


1610 


' 7,000 


Nozzle , cnaisber, puiaps 91 


376 


1550 


7,7E0 


Controls £ Surfaces- .77 


m 


250 


11,100 


Provisions for H2 None 








3rain3 200 






-- 


Fuels . 178 


7105 


32,200 


140,000 


Tl-lltxi 500 


2S6S 


11.829 


' -3.6S5 


Gross 2868 


11,829 


53.6S 


233,669 


SiljatS+CfE ■ Hi.. 


-.1661' 


9650 


■ 39,980 



Sable VI height Suaaasry, Height 
2-sfega H>-crogen-0K7gac Rocket 



Tarftg & Structure 
tliscell . Structure 
liozsle, chaaber, pimps 
Controls & Surfaces " 
Previsions for 1 fa 



3rain! 



Payload 
Gross 



36,G00 
3,7i3 
5,620 

16.090 



227,000 
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rhia. chapter has 1 double purpose. 1). The first is to continue 
Mid dsTelop toe study of the dynamics of orbital vehicles which na 
■ initiated k Cida'pter 5. Uae will, be nade or the results gained in 
Chapters 6 and 7 concerning power plants ami structural wsigita, 
2). The second purpoes is to apply the general theory thus developed 
to the design of tuo actual vehicles, la this^haptar »e shall be ftm- 
Berwd only aith the basic featureB such aa number of stages, weight of 
3tage« and Q&ximum thrusts to be used. In the following chapter, these 
Values till be ajflbined lith the results of trajectory calculations to 
give a final integrated design. 

general Dynamics Of Orbital Vehicle, Single Stage Veh icle.-- ?<* 
Shall inprove an the analysis of Chapter 5 &7 taking into consideration the 
practical details which «re left out In that chanter; namely gravity, 
inclination, dependency of structural weight oa load factor, drag and 
throttling, 

Gravity - ?irst let us consider a vertical trajectory. It will 

6* necessary to add a term, -g (the acceleration of gravity} to the righ- 

right hand side of the equation of motion, presented in Chapter 5, 

We obtain 

(1) dV , c dm ■ 
dt "a dt " 8 

which integrates to 

(2) V f - a In H _ gt B + T o 

"f 

Khare tn is the burning time and subscripts "E H and "0" denote 

"final" and "initial" respectively. 
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Chapter _X 

T.e shall make this assumption, because in soite of Ha inaccuracy, it 

Kill furnish us valuable information on how 8 affects our choice of n. 

9 rill be referred to is the average inclination. Instead of (5) ** 

then obtain 

(?) ML _ i„ ^ . Fj|n9 

Clearly, the more horizontal the flight oath, the leas is the loss in 

performance caused by finite acceleration, 

Penendency of £tractural heights on Load Factors - The example above 
shows that a lew acceleration like 6.5g has a detrimental effect on oerfonn- 
ance. On the other hand, it was shown in Chanter 7, that a higher losd 
factor necessitates a heavier structure and the resulting lower value of - 
the raaas-ratio parameter gives a lower value of In rs. To study hoK these 
factors balance each other, let us consider 5 missile whose total initial 
weight K is fixed and whose weight aspty may be .expressed in the fopa 

(?) S+P * Q*R,a where is that portion of the weight «hich is 
unaffected by the maxiimifli acceleration and R-fi is the weight of the re- 
gaining structure shich is .assuaed to be directly proportional to n- 
Actually, 5 represents essentislly the weight of the payload and the controls, 
whereas K*n is the weight of fuel tanks, poser plants and accessories, etc. 
Then (7) reeds 

In figure 1 se see how~"~ is affected by n in & vertical trajectory where 
we have used the values QJ9 ■ .275 and R/V = .019. These figures correscond 
to 8 payload vihich is 202 of gross weight, a structure independent of accelera- 
tion of 7,5? (.20 + ,075 = .275) and a raining structure which «eiehs l.# 



sight for each g 
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Chaoter 



For the purposes of oar later »ork m shall eltainate t in 
tens of tin uxtan load factor n defined by 

The missile reaches its maximal acceleration (i.e. thrust - -sass 
ratio) at the end of burning time (we assume constant thmst). Hence 
it follows that 



ng = 



Sfp J 



Thus (3) maybe written a 
(5) 4l = k JL „„ 



The folloring nunerical ecsaole aiioKS the ianortance of n. Let 
— - ,6 aid I ■ 6,5 (n shall later see that these aw ressombl" firures 
6enln55=li,ji- 6 = .()i6 M d nT | I1) . 5-5=^ - .7% = ?5* of 
.916; ftns if the ejhaust velocity c Is 8,500 ft/sec, the velocltj 
increase during one stage i3 ?,SCO ft/eec neglecting gravity, but if 
gravity is considered, the velocity increase is only 75? of this or 
58» ft/sec. , 

Inclin ation - In most practical ca3ea tite trajectory Till have 
Variable inclination. In this case the fomuls for acceleration alon» 
the path of flight is 

"» ! = -! I-** 10 

There 6 i3 the an£e the trajectory makes nith the horizontal. 
This eraation Is not readily intejp-abla unless 9 is considered constant. 
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Chapter 



For the purposes of our later *orft »e shall eliminate t in 
terms of the maximum load factor n defined by 

The missile reaches its maximal acceleration (i.e. thrust - -ass 
ratio} at the end of bumine time (we essurae constant thrust}. Hence 
it follow that 

W -i.-aS). " ■ 

Thus (3) nay be Kitten as 

(5) AL*i„-L __L 
c S»P ■ n(ap) 

(fete But jj- • _J ). 

Bf 

The follortng numerical example *o»s the taortance of n. Let 

— - .6 and n = 6.5 (?re shall later see that these are reasonable fisures) 
$ ■ ■ . 

Then In jjp = In t--^ = .016 aid n rejn) = 1 ;'(l_.g) " ."31 = ?. ■ of 
.916: Taffi if the eihsust velocity c is e.SCO ft/see, the velocity 
increase during one stage is 7,3CO ft/sec neglecting gravity, but if 
gravity is considered, the velocity increase is only 1% of this ?r 
5850 ft/sec. 

Inclination - In nut practical cases the trajectory idll have 
variable inclination. In this case the foreola for acceleration alms 
the path of flight is 

a) | = .-;*-!*« 

There 6 ia the angle the trajectory sakes "ith th- horizontal. 
This station ia not readily inteerable unless 9 Ls considered cenr.ant. 
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Chapter ^ 

For the purposes of our later *crk ire shall eliminate t In 
terns of ths mexin™ lo?.(J factor n defined by 

<» *■(*)«♦, 

The missile readies Its maximal acceleration (I.e. thrust - Tias 
ratio) at the end of burnln? time (we assume constant thrust). Kenc 
it follow that 



Thus (?) iaay be mitten as 

(5) 4L.i„ JL .JL 

c Sfi> n(E+P) 

(Sote that <^" = J\ ). 

"f 

The following numerical example shojia the Importance of n. let 
— = ,6 and n = 6.5 (ire shall later see that these are reasonable figures) 

V i ¥ ■ (. 

Then In gp = In p-j = .916 and ^j = ftyfp^ - -?3 = W of 

.016. Thus if the eitast velocity c is 3,500 ft/sec, the velocity 

increase during one stage is 7,?CO ft/sec neglecting gravity, but if 

gravity is considered, the velocity increase is only 75* of this or 

850 ft/sec. 

Inclination - In aost practical 

variable inclination. In this cass 

the path of flight is 

(6) | = -i *-*sln0 
There 6 is the angle the trajectory vHtm with 

This action \3 not readily inteerable unless Q Is 



:e3 the trajectory *dll have 
formula for acceleration alons 
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Chanter _f_ 
It can be seen from the flare that the a^vsntaees of high acceleration 
to reduce the loss from the effect of gravity are counteracted by the 
ooorer structural weight in such a manner that an optimini acceleration 
exists. For this oartlcular example, the optimum acceleration la ">.?. 
This could also have been obtained by the aid of calculus, teely, if 
^ is satiated to sew, one obtains the following cubic efflation for n 

In Figure 2 the solution of this equation has been plotted, against 
R/S with parameters of i and r - This chart is very useful for a rapid 
deteiE&nation of 'the' approximate value of the optimal acceleration. 
Two corrections rill have to be added for a rare- refined analysis: 
l). A correction based on a. more exact Height fonala. 2). A 
correction for drag- 

From the discussion in Chapter 7 it Is evident that the emf-isst-m 
of the weight tapty as a linear function of n is over-Biraplifiec'- 
Hoitever, if we «se a more accurate fopaila for the weight variation, -e 
are forced to abandon general analyticel methods and shall have to 
reduce ourselves to a numerical study of t concrete example. In 
choosing this example we anticipate swae results to be establish e<! 
later- The oxygen-alcohol missile to be pronosed in this report *i»l 
be a four-stage miissile. Its first- (largest) stage will have a rrs'i" 
*ai?ht \ of 233,669 lbs,, its payioad {i 2 J will be 11,829. It a*i»c: 
this sta^e as one example. The two weights mentioned will be keo* . 
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Copter J^ 

constant, but the load factor will be varied from Its design value 6.5. 

The analysis &iven in Chapter 7 shows that the weight of the 
structure S. will vary with the load factor n according to the eouation 

The terns on the right hand, side represent in order the wl^t 

of talks, poner plait, controls and various niaceUanwua eights. 

The deBi#i values 0? these weights aw H,flOO lbs-, 7,7 fl O lbs, 11,400 lbs 

and 3,0? of W^ respectively. 55.2 and 6.5 are the design values of - 

tg and n. If we select a value of I of 2i0 sec and put Wj_ and 1, - 

ecaal to their design vsluea, then every tera on the right hand side is 

a function of n only. The other variables may be eliminated with the 

aid of the equations S, = S.+F,+S. snd tn a * x F I . The result of 

1 ^ * 2 ^ n^} 
this rather cunbersoae nuasrical calculation is given in Figure 3. 

Once Fi, £■ and tj, are known as functions of n, the final velocity v , 

aay be conpnted froa (2) (with c - 3?.? 1 240 =• 1,V$ fb«). The result 

has been plotted an curve 1 in Figure 4 (the other graphs in Figure 4 

will be discussed shortly). The optimal value of n ia seen to be 7.5; 

Vp does not fell (K>re than one percent bdon its maxiHufl If n is keot 

betreen 6.5 and S.?5. 

This represents an average value during first 3tage. 
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Drag - For a rapid estimate of the effect of drag on performance, 

tbo Bstbod of suceeeaive approidffiitifflis is reeonnended. The equation 

for a vertical trajectory is id denotes drag)i 

(12) € ■ - S % - g - £ 
ft b dt 6 b 

A zero order solution is obtained by putting 0*0. then (12) 

reduces to (1) and by integration ont obtains the vacuum trajectory, 

i.e., velocity and altitadtaa functions of tiae. Using tiie.ee functions:, 

-■■mj be espressod-as 4 function of Use, The right hand side then 

depends- oa tiae only, and by integrating one obtains the first order 

■ wktion for T &a-& function of .time. The wtaod has been elaborated 
■. in JJMALCH laport fio. Wl, "Vertical Right Perforamee of Boeiet 
Missiles". by H. Z, Chien, It has been applied to the ajanpl* discussed 

* tbovr (first stage) and the result is plotted as carve 2 in Figure 4. ■ 
It can be seen that drag Qove.3 the mxixm froa n«7»5 to n*7.Q. 

j S^Jjaafl r ' So far, is have Mastered perfotsanc* in terms of 
the final velocity 7?. However, it "would aeea that one really should 

~ consider the total energy gained which consists of kinetic * potential 
mono* This total energy nay conveniently be represented by an 
^eqolnlent velocitj" 7g, defined by Vg sy 7p> ♦ 2gh where h la the 
altitude gaiasd, - The equivalent velocity has also been plotted with and 
titnput drag as eurves 3 and i in Figaro 4,, The values of n for mazinum 7- 
are 6.0 (vacuuu) and 5.5, as compared iltb the nines 7.5 and 7,0 for Eariaui 

v 

■ If our vehicle actually fere a single stage »ck«t 7 E would clearly 
bethe significant value. Hotever, if it is one of the initial stages 
of a mUti^tage rockat tj .the situation is more caplicated, The reaaon 
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Chapter _fl 

la that a rocket ,-aotor la characterized by its thruat T which is 
essentially independent of flying conditions. Its poaer on the 
other band la t z 7 and hence directly proportional to the speed 
of the vehicle and tha total energy gaifled during one stage is equal 
to the . *arfc done = jfili -jtf i Tdt {neglecting drag and gravityh 
This showe the importance of the initial 'velocity, ©it the initial 
-velocity of the second stage^ia^the fiMl.yfllocity of the.. first stage, 
thus by trying to get aa much total energy as possible during the 
firit *tage,-oiie!id6ht.lose out. ; on: later, stages,. , - ir ^^ t 

" fietimiing to our. specific exanpl9Tfo.ppnoludft.that the optimal 
-a Ilea floooihere between the value. for T*(7*0) and that for Vf(5.5}. 
Conaideriflg-'the flatness bf-the graphs, ^.thei'deiign. value.: a » 6.5 ' 



throttling -" On tha. basis of tha above;, discussion of tha 
influence of saxiaun acceleration on weight, it aaenis logical to 
investigate whether weight can be eaved by throttling during the 
later portions of the burning period whore the accelerations have 
increased considerably. However, a noaant'a reflection shone that 
this will cot reduce the criticalideaign condition on some of the 
structural components, Lotcja mi pumps will have to be designed 
for, maximal toruat rather than maxiMl acceleration and hence nothing 
is saved in the weight of the poner plant. Th 9 l0 sd on the tenia 
of the first atage is greatest during the first part of the burning 
period when the tanks are full. Cocflaquantly, the weight of t.-.esa 
tanks will be unaftected b; throttling. 
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calculations ha?* shorn that If the maximum acceleration is 
reduced tffm 6.5g to 4g by throttling, the gain la. structural 
might is airfficlaatly graater than tile lose la efficiency of the 
rocket, tiat a gain of about % on velocity la obtained. gonerer, 
it la fait that this gain Is not sufficient to warrant the 
- additional coaplicatioa la too present study a 
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Ifroportipnin K, of .S tages 

jjolti-stag^ Vehicle - In Chapter 5 the concept of a multi- 
stage rocket was introduced. A simplified analysis showed that 
if the structural weight ratio is the name for all 'stages the 
perf ornance is a maaiaiun if the paylcad and the weights of the 
various stages f on a geometric progression: 
\ "n-l ..3 ' 

the fiaal velocity at the eul of taraiDg of the 2 " atagfl 



(12) 



!.*&* 



This basic formula was plotted in Chapter 5 f or n * 1,2,3,4,5 * 
aid ? £ .16* On the next pages fosr additional charts of this 
type are gives -for j > .1, .143, .182 aai .25 (Figures 5A - 55). 
The value .182 tos achieved by the Germans in their later redesign 
of the 7-2. 

fls now turn to a detailed consideration of the problem of 
optimal proportioning of the stages* when more realistic assump- 
tions are introduced. It rill turn out that factors like inclina- 
tion, variable exhaust velocity, etc., riE cause deviations of the 
optimal proportions given by the geometric series. However, 
these deviations nill in general ,t» amall, sometinras insigni- 
ficant. It dill also be seen that the maxims 
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Chaoter _f_ 
in general are fairly fist i.e. deviations from the theoretical 
maxima will cause but aisll loss in aerfonnsnce. In order to bring 
out the trends clearly, the various, factor:: rill be considered 
seasratftly. Then concrete numerical coarctations are made a. tw-staee 
rocket *i*l be considered. If values are desired for rockets havin? 
a great number of stages, these results lay be applied to the staees 
in pairs. The following formulation of the probles applies to all 
such tw-6taj;e rockets; The gross weight of the first stage (Wy) 
aid the pay load of Wis second stage (?) nill be fixed. The weight 
of the second stage (ffj will be varied and the nerforsance clotted 
against*, (or soae equivalent- variable tUce_|), Ouantities like ■ - 

«! . P 

ft, c, p nill also be considered fixed except i«hai otherwise stated. 

they ESy or <Kay not be the seae for both stases, depending on *hat 

factor is-bdag studied* 

Gravity, inclination - If gravity is considered the oatisal 
sroportiordRg of the stages is still a geonetiical progression as" 
long as perfoimaiice is bein.£ gained by the final velocity V™ 
(re thereby assise that the maxiiaal load factor r. rather that the 
burning time t B is kept the- sane for both stages.) This result 
nay be proved by standard methods of calculus or by a Qualitative 
method to be discussed later in this chapter. A plot for an actual 
concrete esse (Figure 6, curve 1) shon3 this maximrci to be rather 
flat. If the equivalent velocity 1L is considered instead, a snail 
displacement of the maximum-to the right takes place as showi by 

In the same figure the effect of inclination Is shorn by curves 
4 and 5. The firs^ stage is assumed vertical. If the second staee has 



Pfj^L'ilij/ftf Diil'jji.Cr £ATSiiif'_V|KCU_ _ nr.-*- «, ™ ju*$_* 

Copter 1 
average inclination with the horizontal of 60 , a rather insignificant 
displacement of the marinam to the fight takes place {curve 3)- In 
order to bring out the trend more clearly, the exaggerated case of a hori- 
zontal second stase «as considered {curves L and 5). In this case, the 
riisolacenent to the right of the maximum of both V and V_ is consider- 
able. 

Eahgust Velocity - Due to altiturie effect on noner alant3 the 
average exhaust velocity of the second stage is usually larger than 
that of the first stage {a 15? increase is a typical value). Multi- 
stage rockets have also been proposed wiere the second stage eraoloye 
* fuel irith considerably hitter -exhaust velocity then that of the firat 

For a tiro-stage rocket, the folloding forsula for the oot-iaal 
Broportionic? aas obtained by calculus: 

For values of r near one, this foraula can be linearised to give 

Vpw x l iJ 

Plots of values obtained from these sanations are dven in 
Fisurea 7A and 7B. For the tyoical values ot^j* At,} and _i = 20 
and the exhaust velocity of the second stage 15? larger than that of 
the first stage, the ontimal value of ft* is about 16% smaller than 
the geometric neen pf P and fii . 
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Drag - An instigation of tae effect of drag oa the optium 
proportioning of tm stages was Bade for the case in widen the first 
atega had higher drag than the second (this is the noraal case en- 
countered), The.resulta aboied-. that, the influence of drag oa optical 
prowrticnlas i^ cdaparatiTely insignificant.* -.. 

to ara l C onsiderations ahent Optlaal Proportioning . Influence 
of Structure!- Saight aatlc - 3w following qualitative cotton for 
determining tho.opthal oroportionin?.>^..acsetiuu. proie. useful. 
Cateils of the cathod ew oaittefi. "■ '■ 

Consider a tio-atsge rochet as"hafoVa.rrB^teS3 tha carforance- 
for tech stags sa a function of the psyload Might ratio. Denote - . 
these functions by tAi\ and tJz): Put ^*a." a coastiat end tea 

• peylcad Migat jatio of tha fir3t.,stagq ; j-^»:l;rthc3_th5_paylcad •. . 

pajload wight ratio of the sawed stage- is - ■ - ice total 
n 3 I. 

Telocity increase expreBSsft aa a function of the payioed Height ratio 

of tks first rtage Is than Vfi) » ^(x) + f a f|] 

Coniidflr th« difference d = v(|J - T(x) «|r" 2 (fk^ (|)]r 

■i *. 

fofi) - ^{xjjl •: If d is zero, th* jraph of .7 a&toBtAkj. certain 

type of "sjiaetry around the' value »hero - '= x, l.v-. *•&, "it is ' 

" then geometrically efidont that thie point of 'fljijnetry recreaente a 

oaiiffliiE, The difference d is zero »ban f, arid f> ore equal cr differ 

by a constant, this la true for the idealized case when f^i] '• 

f Ji) * -o In (it | ). It remains true »hen grwity is conaidered. 
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Chapter 8 
. How take the case of different eihauat velocities. Than the 

jih««» d ls - &; - y jW |) - m(| , || Jhl3 13 wW78 ■: 

for i{~, . ?T0h the geometry of the graph it than follows that the 
oaxtaua has been displaced froa i »i/a towards smaller i. 

So far ne have only verified previous findings, To obtain a ' 
. ne* result, consider th$ esse of variable structure sojgfct ratio. 
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3&Is is also negative for i<^- end sgain *e conclude that the Eaiiain 

has bean displaced tonarda the left,i.e,, the second stage is analler 
than the geosetric nesn 3*han its structural weight ratio is leas then 
•Eat of the first stage. 

Influence of thB Tarimia Stages o n ge c ji i Othar - Above we have 
SMat-kee applied the results obtained for a single stage vehicle to 
each separate phase of a aulti-stage vehicle, fionevor, the diacuaaion 
of *hether V or 7 is the significant performance paraiaeter for the 

first stage of a multi-stage vehicle {aee p. 89 J showed that a 

oertain asount of cars is necessary. 

Another example of now tte various stages infmenoe each other is 

this; For each separate stage one tan find the optimal load 

'factor by the methods described at the befinning of this chapter. 
Hoiaver, each stage, cannot be designed for its own optimal load 
factor,, Ihe reason is simply that any stags is subjected to tte 
jMXiEUfli loads of any previous ataga. And in general the ojASm! 
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load factor is loner for later stages, 

Application of faneral Uethoaa to Actual Design .- 3o far m have 
developed a general analysis of perfonoccB parameters, Sa now proceed 
to apply oar results to tetuel deetgaa of two vehicles. Our starting 
point lill of course be the specifications of tie orbital vehicle. Tao 
quantities are melsnt for oaf considerations: (1) orbital Velocity; 
(2) wight of pay load. " v 

Strictly 'tha altitude of tho orbit should likewise be given. 
However, it was found in Chapter 3 that the altitude had little effect 
on- tha energies repaired fop various orbits. This is fortunate, because 
■ it implies that the shape of the trajectory will eiert only a secondary 
influence oa our cfcoice of design proportions, A value 2i,5QQ ft/sec 
\was selected as the orbital velocity to ba used' in our present 
consideration. The pay load, 'selected as the basis 'of a reasonable 
allowance for scientific instruments, iraa tafcen sa 5^0 1° 3 . Hovever, . 
for the purposes of toe analysis in thie- chapter, to also have to count 
the 200 lbs. of "brains'' as pay load. The reason is that this is 

a toed Wight item which occars'only in the last stags and sMch is 

S 
not included in a normal estimate or the structure-Height ratio - . 

Thus, for the remainder of this chapter, the weight of the pay load 

will be considered to be 700 lbs, 

Hext tie need a value of the parameter c (exhaust velocity} which 

Specifies the performance of the power plant, in other words ne have to 

select the fuel. Two different vehicles ail! be considered, are powered 
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by oaygen-alcohol, the other by oiygea-aydrogen, 

AlgoM-Oty j ea ff ffilf l fi, - * f liquid oiygen and alcohol are 
used a3 propallants , the value c ? 8,500 fps, is a reasonable 
average value for our initial work, Jn selecting tsia value, 
consideration nas given to toe fact that nost of the operetioa of 
the xociet HiU be at altitude. Using this value of a, me find 
that ~ is 2.M. In 'the preliainary iork ?e shall use a value of 
= » ,16 shicc ib an avaragg valus obtained froa the results of 
Chapter 7. for oar- present purpose it wuld be eitreael? 
convenient to have a. correction factor to take- care of t&eae items, 
A good value of such a. factor can only ha hased on long eiparience 
In designing, building and testing orbital vehicles. Since this 
experience is lacidng, »e nse the folioafng estimate, tfie v-2 
was designed for s load factor of 6.5. A previous estimate in 
this chapter ahoiad that Kith tais load factor t&e losses due to 
gravity in a vertical trajectory (ffiount to 2%, Indication of 
the last portion reduces this to about 20jt, Jurtiieraors, 
preliminary caiculetions shoued that drag *ill reduce the final 
velocity by 1(#. Thus *e arrive at a correction factor Of 1,30. 
this incraasee the value of - required from 2.8$ to 3-7^* A ioofc 
at figure 3 of Chapter 5 tells us that a single-stage roctet 
■aflda fcio-Stege rocket are inp033ible. A three-stage rocket 'would 

have to tew a wight ratio 1 of £50 and a four-siage and a 

T 

five-atage roefcet would have about equal Height ratios of 330. 
Itwfl a three-Btage vehicle would necessitate a gross neight of 
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450 1 700 a 315,000 Iba. and a four-stage Vehielt 330 x 700 s 
230,000 lost This might saving seeais to »arrent the additional 
complications of having tor stages instead of three, ahereaa 
nothing is gained by adding a fifth, stage. Tie wight of the other 

stages »iu fans a geoaetricai progression. The ratio or the weights 

1/4 ' 
betxeeh tiro consecutive Stages la (jjO) = 4,27* At this stage 

in the analysis, the detailed might study or Chapter 7 ?ias 

■ undertafcen. ' and" in hand lith this structural Height study, ait ■ 

analy'eia of the optiMia design proportions nas cade," using the 

aathods previously explained in this- chapter, Thia combined study 

resulted in tas set of vslses presented in Chapter 7. 

lie aert step la our design atady will be to detawiine core 
rigorously the'actual trajectory of the vehicle, taking into account . 
' the 7a?latioa of dreg/eihscat Telocity and imjlinatica. Shis 
core dutallei coapatatiaa aill be done in the next Chapter. The 
results obtained there will gite us an indication Of hoi accurate 
the preliminary analysis of this chapter has been. 

It is clear that it is lnjjossibls to maintain a strict logical 
order in determining the proportions of tki vehicle* Actually 
one has to repeat the procefle described here Several tiaes, just 
ee then aol?ing a problem by successive approximaticue. Ae a 
"first approximation* for Bf. ae found the value 230,000 lbs. abate. ■ 
In the course of the revisions indicated above, this value nan 
changed to 233,669. Hsn'ce, ne nay conolnde-that the factor 1.30 
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used above' for correcting - Has a reasonably good estimate. The 
values for j, finally established were ,168, .18, .15? and ,156 
for stages 1, 2, 3 and 4 respectively, which are likewise in 
satisfactory agreement with the assumed value of .16. It was 
unnecessary to alter the value of 6.5 for the e&eLgnb ratio of thrust 
to weight'. 

KydrogeaH^ea - Shen the analysis was first issda for the 
liquid hydrogen-liquid caygen rocket, the structural weight ratio 
t -hss estimated to be 0,20, In addition, it was erroneously assayed 
that higher accelerations would" be used than were used for the ' - 
alcohol oxygen rocket with, a consequent reduction in the correction 
factor to 1,2. Under these conditions, it appeared that a three 
stage hydrogen-oxygen rocket would give slightly ssaller overall 
gross weights than a two-stage rocket. However, the gain was so 
audi that it was decided to avoid the ccsplications of the thrae- 
stage rocket and proceed with the design of a two-stage rocket. 

As the aork en structure! height aialysis progressed, it 
bscafie apparent that the acceleration would have to be reduced to 
the value used for the alcohol-oxygen rocket. Baking allowance 
for this decreased acceleration and also for the higher drag of 
the hydrogen rocket, a revised correction factor of 1,32 was 
obtained. In addition, it was found that the structural 'weight 
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ratio would increase to about 0.25- When these iater figures 

were used, they showed that it was advantageous to vise three 

stages- instead of two. However, the design study for this vahicle T 

had proceeded so fa'r that it wsa Inadvisable to alter the number 

of stages. 

If He use en exhaust velocity of 13,500 ft/sec and e correction 

factor of 1.52 wa find - * 2,5, for - = O^hgure 5D shows ( 

that a value of _1 of 400 is necessary for s two-stage "rocket. 

p - . 

This corresponds to a gross Height of--38D t 0QQ3 I bs B 

The final design values resulting fren the coabine<i structural 
weight and parforaaacs study are tabulated in 1 Chapter 7- The ' 
overall gross weight was 291,564 lbs. The values of £ were .238 
and tZlS for the 1st euTSnd stages respectively. " "" 

It is worthwhile at this point to say a few words about the 

possibilities of a three-stage hyo'rogeiMJiygeii racket. A3 eentioned 

above, the study had proceeded too far for alteration when the 

design valises had crystallized sufficiently to show the definite 

advantages of using three stages, Let us examine this case at 

greater length. Using - * 3.4 and - * 0.25, we find from figure 5D 

that _1 = 120 for three Stages. . This implies that the overall gross 

P 
weight of this vehicle would be 84,000 lbs. which is considerably 

less than the Height of either the two-stage hydrogen-oxygen rocket 

or the four-Btage aicohol-oiygsa rocket, Froja this we my conclude" 

that the three stage liquid hydrogen-liquid oxygen should he given 

serious consideration'la any further studies of satellite vehicles. 
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Chapter 9 
PIK& ESrABLISfflJElIT OF SIZES M ?BAJE(SORIES 

In the prooetli«2 chapter, we have discusned the ohoioe of burning 
tine for a aingla atage rocket and the optiEum proportioning of weights 
between tiro suaoessivo stages for nulti-stufje rockets. In order to procned 
farther in our analysis, it is necessary to have an integrated "picture o 
the variation of altitude, 3pesd, inclination and iiuss at all points slung 
the trajectory. In order to obtain these data, Tre shall uso the design 
values obtained in the last ohapter and carry out detailed oaloulations 
of the satire transitory. The results o ' these calculations will shojr 
hos auah these design values sre ill error end it sill give us considerably 
Bore reliable values fihich could he used in repeating the design studies 
of chapter 8. Ideally, this process of iteration should be continued until 
a. satisfactory set of final desi|n data are obtained. For the present 
Study, hjjireTOr- our attention srxs Confined to an iiwosfcipttion of Sta ' 
trajectories for the trra proposed designs, idiSiout a repetition of the 
caloulatioas of ohapter 8. 

?ha vehicles which were selected for study and which served Ls a basis 
for the calculations of this qhaptef ere tabttlated belorr. 

Vehlole Powered by Alcohol-Oxygen RocVetj) 

Stage 1. s Z 3 4 

Grose Wt. (lbs.) 233,669 53,699 11,829 2,8G! 

Height less fuel, (lbs.) 93,669 a 4 «9 4,739 ' 1,14! 

Payload (lbs.) M*«BB 11,823 2,U6Q SOI 

Mar, Diameter (in.) 15? .13!) . 105 9< 
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e Povrared by Hydro gen-Ox^en Rockots 



Payload (lbs.) 1S.364 

Jfex, Dianetor (in.) 248 
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III all of the vehicles, the rate of fuel consumption flas flailttalnsd 
constant at. a value calculated to give a naxinia ratio af thrust to neighs 
of 6.5. She drags «efo calculated according to the satiteds gives-ie 
Appendix 8- ?he v&rifitiQns of extent Telocity sjfch liAQtstde were ta&en 
froH i%s graphs in Chapter 6. 

In crdar to avoid a mass of distracting details, none of the length;' 
e^q SEftjlvad trajectory calculations Tftll be presented in this chapter. 
ffs shall simply indicate the aethods used and present the final .results 
. that were obtained within the tipa available, tfhich ma, to aey- the least, 
insufficient to awfcer ail the questions that will inevitably arise. 

The mathematical developments neoessary for this wirk, as well as 
samples of the calculation methods used, are presented in appendices C 
and D at tho end of this report. 

In the early stages of the work, we set for ourselves the goal o? 
establishing a 500 lb. payloud on an orbit approximately 100 rales above 
the Burfae& of the earth, hOpinc it could miaift thore for a period of 
5 to 10 days before its ener/ry was dissipated in tho rarefied atmosphere. 
The 600 lli* figure was chosen as u reasonable estimate of the might of 
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scientific apparatus neceggary to obtain reaultg sufficiently far reach- 
ing to nake the undertaking wcrthirftile. 

The altitude figure wits a ooHproniae between the desire to increase 
the altitude in order to reduce the drag end give large}* Units of error 
in establishing the orbit on the one hand and to keep the orbital energies 
lost and to aid the short aava radio control and tracking profclen on th 
other. Prelininary calculations ci 1 energy dissipation in the orbit, based 
on conventional evaluation ot tirag coefficients and an isothermal atmos- 
phere indicatad that -the vehicle codd roHaijt aloft for at least 5 to 10 
days at &n altitude of 100 niles. However, closer sxettinfttioii rVffeiled 
that the conventional -drag predictions ware inadequate and that the assupp 
tioH of an isothemal atnosphere was ill error, Revised Rflthods of drag 
pfediotion were developed and better estimates of the structure of the 
ataosphere* Were obtained fron an extensive search of the literature. The 
resala of this revised study showed that it nuuld be aMaable to use a 
altitude of 3CG to 400 alios in order to o^^ein the durations desired. ■ 
the caioulations were revised correspondingly but unfortunately tine was 
not available for the work to be conpleted in detail* 

In approaching the problem oi' launching a vohicle into a satellite 
. orbit lis soe that consideration nust bo £iven to the following: 

1. Obtaining time-velocitye-oGSlfSration-distonce-Hass-relation" 
ahip for the trajectory used in placing the vehicle on a- 
satellite orbit. 

2. Doviaing a means of atably controlling the vehicle bo that 

< B and the 
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it reasonably well follows the desired trajectory and is c 
blished vathin pemissible Units of error on the e'ooaen orbit 
The present chapter concerns itself vfith the first topic. The second will 
be the subject of the following chapter. 

In our present work, we shall find that it will he necessary to f 
forces of control nomal to the flight path to obtain ideala-able imjectorisi ^ 
These forces cannot be applied without incurring losses* Consequently it 
mil ba necessary to anticipate the methods of control proposed in the 
following chapter in order that the losses incurred by this control cay 
properly be included in thff calculations. This nethod of coctral .consists 
of aovable vases in the rocket jet streon by rsans of which the entire ve- 
hicle is rotated so that a oouponent of the thrust is applied in any 
direction noraai to the flight path. If T is the rocket thrust end" a is 
the angle between flight pith and rocket jet axis (for brevity, a idll be 
referred to as the "tilt") then the control force produced is £ els a and 
the 'effective thrust along the flight path is reduced hy D(l-casa}. if 
can be kept less than 15°, the reduction in effective thrust is less 
than 4$, When the desired orbital altitude was 100 ailes, it was found 
that the tilt could lie kept within this lirait. However, to achieve an 
altitude of 30)) jailes, tilts of greater than IS were required and a re- 
vised acitbafs wee found to be necessary as will be seen presently. 

In consi'dering possible trajectories, we see that air resistance, 
starting fron its .Initial, value of zero, will first rise rapidly as the 
speed increases, then less rapidly as altitudes' of reduced density are 
reached. Vfe shall see later that, for the vehicles we have considered, 
the drag raaoiies tf'inaXiNum fit altitudes of about; 10,000 ft. to 20,000 ft. 
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Beyond this the deoreaae in denaity reduces the drag faeter than the 
corresponding increase 1ft speed. By the time 150,000 ft, has beer, reach- 
ed 1iie drag has beoono a factor of minor inportance. It is apparent that 
the initial portion of tho trajectory should be nearly vertical so as to 
reduce aa siuoh aa possible tfis portion of the flight path affected by dreg. 
First let us consider the following trajectory. Iho vehicle is launch 
ed nearly vertically. As it accelerates npirard, gravity fri.ll curffe the 
trajectory, toward the horizontal in the direction of tho initial inclina- 
tion*. If this initial condition of launoiiing is correctly selected, it 
ij seen that the trajectory sill be sufficiently curved without the applica 
tion of Control forces SO that the 
vehicle is on a circular orbit at 
the end of powered flight as shoim 



j figure. It is clear that pnly 
3 such initial condition of 




gran of acceleration. If the 
initial launching is too nearly 
Vertical, the trajectory nill 

end up at a higher altitude, inolined out into space as indicated by B. 
If insufficiently near vertical, it T/ilJ end up at a lower altitude, in- 
clined toward the earth as indioatod by C. Wo are forced to nonolude tiled 
if our vehicle ohanioteri sties are already ohoeon (i.e. weights, thrusts, 
eta.) there is only one altitude for the orbit Into nhich it oan be launch- 
ed by ftis hethbdt -/Initial calculations showed that for the n 

*l!athoMtically, the initial point of launching is a complicated sinpularltv 
Hwhanioally, tyiis senna that a short set o.' Riding rails vrill Imvirto W ■ 
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Chapter J)_ 
considered in this report, this altitude was about 35 niles, considerably 
short of our two suoaassive goals of 100 ailes and 300 m\les. 

ffe are next fao'ed with the question of how we should apply control 
forces so that the trajectory* will end up on a circular orbit of greater 
altitude. Of the three trajectories shotm in the figure aoovo, 8 offers 
the i»st obvious possibilities. If dommard forces are applied during 
the lets portions of B, it is conceivable that this trajectory can be 
curved sufficiently to end tangent to a circular orbit. A rigorous 
exarjnation of ths equations t& ration shorn that this is the fees': way of 
obtaining the desired increase in eititufa. One night be inclined to - 
question this result on the ground tliat en application of dosnwsrd centred 
forces is inefficient when attesting to gain acre altitude. Actually, 
the control forces have little direct effect oa ^ia altitude, whi«s?i is 
gained primarily by tfes increased steepness of tfie earlier portions of 
the trajectory. 2he control forces serve prirarily to insure a horisontel 
tangent at the trajectory's end point. 

By the use of tilt, it sas found possible to deteraine satisfactory 
trajectories for orbits at altitudes of 100 ailes ■witheut exceeding 3.5° t 
angle of tilt. However, tfhen'the desired altitude was increased to 50q 
ailes, the tilt angles becene eo large that the losses in effective thrust 
were excessive. In seeking neans of avoiding these losses it was found 
that the judicious Insertion of an artended period of coasting 
in. the thrust progran would acoonplish the desired result, A little study 
showed that this coasting could be taost effectively used if, it cane laie 

*For convenience, we shall refer to that portion-of the path traversed 
before the end of povrared flight sinply as the trajectory. Af^er powered 
flight, the path will be oalled the orbitt 
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Chapter 9 
in the thrust prograa. In order to avoid the necessity of shutting dona a 
rookat rotor end firing it up again, the coasting period was always in- 
serted In the interval batmen the discarding of the next to the lost 
, gtsge end the firing of the last stage. Unfortunately, insufficient tine ■ 
wee Broilable io pursue this study as far as ras desirable] however the 
tentative conclusions indicate that apttsota eoaditions for coasting corree* 
pond to a long, slightly inclined coasting trajectory during ishica altitude* 
Is gai»<* Surprisingly slowly, followed hy-a final etcge of rockat poser 
durssg *£ich very little tilt is used. 

The equatigrsgoveraing the attioa of ths vehicle durjng its aocelera- 
■ Son along ths ■ trajectory are derives, in Anpen&x C». They ere 



d? 






S is the rocket tlirust, 
D is the drag, 



fi is the radius of the earth, 

A is the angular velocity of 

the earth, 
t is the time, 

g is the acoeleration of gravity, n Cti , m Q fi £ Mm 

9 and o(. are aftj^ag explained in the figure 
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It ia inpossible to obtain explicit analytic solutions of these equations 
for the oases no are conaidBrinE. Instead we resorted to a step by step 
method of solution in which the intervals rare chosen -with sufficient 
oars -to inaure that an aoauraoj- of better than $ saa saintainod in the 
final values. A detailed sot of sample calculations is gjvg in Appandlx 0. 

linen the desired altitude was 100 alias, the calculations were 
carried out in the following mumer: 

ftmr Stage AlcohoHteygen Rocket>lfo Coasting - The calculations feere cmde 
for. each of three ratios of fuel might to gross wight so that by inter- 

-polation, ths aBountjOf fueT necessary to attain the correct final- 
Teloci^ could be predicted. The trajectory for ths first halffia tire) o] 

■ 'the first stage is tafcen as a vertical p&$i. At Sris point a constant 
angle Of tilt is applied and (Me is' carried through to the end of the 
second stage, this calculation was carried out for each of three -fixed 
angles of tilt, bo that the results could be interpolated for any inter- 
Eradiate tilt. In the seantine, an independent set of calculations had. 
been proceeding in which the equations were urorked backwards, beginning 
at the end of tj» last staga, iiith the vehicle on the orbit, end computing 
the reverse history along the trajectory back to the beginning of the 
third stage, rfiere these calculations were connected up Kith tho3e pro- 
ceeding the other way. Those reverse calculations rare also carried out 
for throe fixed angles of tilt. When all those calculations ware eonplete, 
cross plota of trajectory inclination and altitude at the junction point 
were mada. Prom these plots, values of tilts for both sets of calculations 
could be selected so that the juncture vraa continuous for both altitude 
and inclination. It will bo roraenberad that each of theae sets of caioula- 
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tione had bees made for a series of fuel weight ratioa. The final results 
were cross plotted ao that the velocity at the Juncture tas also continuous. 
In Figures 1 ami' 2 are shown the flight characteristics and trajectory 
for our proposed design of an alcohol-o^gen rocket. It till be noticed, 
that for the particular weight ratios used in this design, the -final alti- 
tude nag 165 ailea. For this altitude, the tilt required during the last 
two burning periods tea 35°j ubich was so large that significant losses 
in effective thrust occured. 

Two Stage Sydrogen-Qrj rEea Rocket ■ Ho Coasting - Tie method used for the 
hydrogeu-ojjrgen. rocket was substantially the same as that 'described above. 
However, whea it becase apparent froa the alcohol-o^gen rocicet results 
that it would ha ispogaible to reach altitudes of 300 miles without the 
use .of szcesaive tilt, further effort along thaae lines wag discontinued. 
Instead, attention was concentrated on tiie use of coasting ©3 a oore ■ 
efficient Beans of obtaining altitude. The calculations were revised as 
follows: 

Four Stage Alcohol-Oxygen. Bookat - Coasting - Instead of the junctnra 
occurring at the end of the second stage, it laa now placed at the be- 
ginning of the fourth stage. A constant 'angle of tilt was ladntained 
froa the middle of the first stage to the end of the third stage. Thi3 
was followed by a •rariable arcount of coasting, 4 set of calculations, 
working backward from the end of the last stage, ras mads with several 
fiffld values of tilt. A sufficient number of values of all parameters 
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was used so that a continuous juncture oauM be made at tha beginning 
the fourth stage. Since a variable annum; of coasting faa been added 
tha other variations possible, tha ohoice of values to affeot a sitoott 
juncture is not unique. Although tica was not available for an exhaustive 
investigation, it is believed that tha optimun trajectory is that discussed 
a faw paragraphs above. She results of those calculations for our proposed 
"alobhfll-oxygen rocket are shown in figures 3 and 4. It will bo Been that 
the introduction 0? oo&eting has inorgaaed tha altitude to approximately 
480 BilGg* fha greatest angle of tilt required «as only 13.i> :■■— ■ 
Tap St aea i H yigogsa«Oqrgea Racket .- For this case, the coasting was insert- 
ed between the isro stages. In other details, it nas.tha saae as the 
■' alcohol-oxygen rocket. The results are shown in figures 5 and 6. it will 
be seen that for the particular weight ratios chosen, the fuel was in- 
sufficient to give an altitude greater than 150 oiles even with -the 
greater efficiency obtainable fron coasting. To achieve aa altitude of 
400 pUea, it f»uld have haen necessary to apprarf&ately double the 
weight of the vehiole, She reason for this is no- that the altitude 
has a large effsat on perforaanea, but that, with tiro stages, tha hydrogen- 
oxygan" rocket is 3q far fron being an .optinun design that the gross 
wight is hi'glily 3flnaitiva to changes in perfomawse requirements. A 
three stage vahiole would have shown substantially superior psrforaaiu 
and weight figures. 



s Wt _L_H*_ClAI»aE. DOUGLAS AIRCRAFT COMPANY, INC. 

_aay2. mk SAHTA MONICA MKT 

IH OF SATELLITE VE'IOS 



Chapter 10 

10, METHOD OF GUID ING VEHICLE OH THUKaulg 

Up to this point, our analysis has considered the design of a 
vehicle and the selection of its trajectory Tdthout regard to the means 
of guidance to insure that the vehicle follow the prescribed trajectory. 
In the following paragraphs attention will' be derated to this guidance 
problem. 

In the latter three quarters of the trajectory, the density of the 
air is so low that in spite of the very great speeds, the dynamic pressures ' 
are incapable of adequately guiding the vehicle. Consequently, ss are 
led to the conclusion that we must use reaction actors to obtain forces 



Siran 



;atc 



apparent. In the first, the vehicle ia rotated (e.g. 
by means of vanes in the nain rocket stream) so that 
a component of the sain rocket thrust is applied 
in the desired direction. In the second, a small 
auxiliary rocket oriented normal to the axis of 
the vehicle is used to obtained the desired guid- 
ance forces (several such rockets muld have to be 
provided for control in all directions) . 




If c is the exhaust velocity available from rockets, T the-thrust 
along the trajectory and I, the guidance force normal to the trajectory, 
than in the first case 
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share tt is tiia naae ejection rate of the nain rocket and a is the angle 
between the trajectory and the vehlcla axis, ElMnating a, m have 




the rocket fuel consumption required to produco the thrust 

if the guidance force sere not present. 

?or the second case, when a sail auxiliary rocfcet ie used., 

L-olfe- 



where ™1, ^-2 and tt era the consuBiptior 
auxiliary rocket and the total. 

In the adjoining figure, the ratio of 
the consumptions with and without guidance 
force have been plotted against the ratio 1<*H 
of pidance force to thni3t. It 1b at once 
apparent that easeU le markedly 'superior to 
otfse.2. In fact nith case 1, substantial 
guidance fopoee nay be obtained without eppre- ° 
oiable penalty in thrust. Caaa 1 will be the method of 
Guidance considered in what follows. 



of the aain rocket, the 
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If the orbit is not entered vdth precision it'becoaes necessary 
to apply corrections to flight path angle and velocity after the start- 
ing trajectory has beui iiompluteci. 

It can easily be demonstrated that, if a thrust is allied noiztal 
to the flight path in order to correct the angle, then 

where 

6$r w \ = ^ weight required, 

W a gross weight, ■ - 

V * flight velocity, 

c = exhaust velocity, 

9 = change in angle measured in radians. 

V 

~ is apprredjiat^Vr cmal to ), so for a one degree correction of wjjle 

a weight of fuel equal to % of the gross weight is required. 

Ttoilarly it can be shorn that if resvltmt velocity is to be 

corrected, then 

^fuel $ 
W = c 

nhere AV - the velocity increment. A 1% change in resultant velocity 

requires a fuel weight equal to % of the gross weight. 

Since these corrections optimistically assume normal rocket ef- 
ficiency for short period operation, it is evidently very costly in fuel 
to make corrections of any magnitude. 

As an alternative to applying corrections assume that an eccentric 
orbit can be tolerated, if th« eccentricity can be kept vdthin certain 



Mtf*«oiv^_.Vj.^r«!!eit)OiJi3LAS AIRCRAFT COMPANY, !NC «at W 

Chapter _10^ 
specified Units. It is then necessary to !:now the relationships exist- 
ing batweon the various Orbital paraneters. These pjiraneters are as follows: 
7 " the correct velocity for a circular orbit at the 

starting altitude, 
£V ■ the velocity increment above V t 
fi « tha allowable variation fw Jiorisofttel (measured pos- 
itively downward in radians) of the oath fit the start- 
ing altitude, 
R ■ the Starting radius from the Center Of the earth, 
Ah « tha allowable drop in altitude fron the starting point, 
^!I * the mfliinu.il nimis the nininura distance of the orbit 
fra the earth's surface. 
Fig. 1 EiTes tha relationships between ah, Ae ,fi and ^- . 
The curves hava been plotted fron exact equations but for sriall deviations 
is angle and velocity the following anproxiaata relations can be noo<5: 




*l'#'Gfl 



Assume that tha altitude of the vehicle should not drop isore that 
50 miles below the aosigi starting altitude to be attained at the end 
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Chapter _..1Q 
of the starting trajectory, anti that the total variation of altitude 
should not be more than 100 miles. Then, if the 'starting angle ia exact- 
. ly correct (p ■ 0) the starting velocity may drop Q,# below the cor- 
rect value or rifle 0.6? above It, Horaver, if the angle can onjr be 
■established to within ■ 1/2 degree the velocity must fall within the 
range -0,15? to + (U#, The above IMtsJare somewhat arbitrary but 
Illustrate the orders of magnitude involved, 

The evident necessity for maintaining close tolerances on the start - 
ing conditions for the orbit leadfl'.io a preliminary .investigation of 
stability and control requirements. 

In the latter part of the starting trajectory a direct control of 
flight path angle is desirable since this angle must be maintained with 
extreme accuracy. This requires a restoring moment proportional to de- 
viation of flight direction fren the horizontal. It is anticipated that 
this deviation can be measured by weans^of a radar equipped ground 
station rrhich measures both range and angle, 
computes rate of change of altHtide and sends 
a corresponding control impulse to the vehicle. 
A beacon sill be used In the vehicle to acv &a 
a "Jtransponder" and can also be used to convey 
information from the vehicle to the ground, 

In addition to the Metering moment proportional to deviation of 
flight direction from- the horlaontal it ia necessary to apply either a 
damping moment depending on flight direction or a restoring moment de- 
ponding on pitch. Tjje iattOBirould probably be simpler to use. To 
correct for an unknown eccentric thrust {so that the vehicle till not 
only be stable. but alee approach the exact flight angle desired) it ia 
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also necessary to apply a restoring BOroeot proportional to the integral 
of flight direction over ft period of tine, This corresponds actually to 
an altitude control, Use of integral tenia in control problems has been 
discussed by ffoiaa* and such a control Is used on constant apeed propellers 

From stability considerations it can be shorn that the restoring 
moment depending on pitch (or damping moment depending on flight direc- 
tion, whichever Is used) should be large. However, further instiga- 
tion i3 required to determine desirable nagnitudes for the other tens, . 

Velocity control can probably be obtained by using an integrating 
aceelerometer which operates a fuel aut-cff valve. Such an accelerometer 
was used ,oii the V-2 with accuracy of lit % over a £0 second period, and 
it is believed that this acc-jracy een be- improved, At present radar 
techniques involving radar ranging or Doppler effect do not appear to 
offer adequate accuracy. 

In the early stages of the starting trajectory it should be suf- 
ficient' to control pitch as a predetermined function of time, For 
stability, restoring and daoping aoBents can be applied as functions of 
the difference between actual and desired pitch angles (determined ' 
with the aid of a pre-set gyro) , In order to approach the desired trim 
condition a moment should also be applied as a function of the Integral 
of deviation in pitch angle over a period of time, and it may also be 
necessary to apply a predetermined moment as a function of time to com- 
pensate for the calculated curvature of the trajectory. 



• "Dynaalcs of ConStant-Speed Propellers" Herbert K. Weiss, Journal of 
the Aeronautical Sciences, Vol. 10, No. 2, Feb. I?i3. 
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The areas of the control surfaces in the jet have been briefly 
studied, the control smaits required depend upon the angular accelera- 
tions required and upon the fixed disturbing aoaent, such as that due to 
a displaced thrust line, The control surface areas shorn on the drawings 
are quite arbitrary but Serve to ahoK, in conjunction with figure £ that 
design of sufficiently powerful surfaces should not be difficult. This 
figure shows the variation of control surface area with displacement of 
the thrust line from the canter of gravity In inches for each of the 
four stages. Actually the Mdmam error is expected to result from a 
rotation of the thrust line about -the throat of the engine by about 0.5 dag. 
The resultant displacement is indicated in the figure aa the maxtam 
probable displacement. ■ Also shorn are the areas required to produce a 
pitching or yMing acceleration of 10 dag./sec . It is sea that the 
areas showi in the drawings are adequate to overcome the aotnait due to 
the raaitmua probable thrust line displacement and to produca in addition 
a 10 deg./sec acceleration if a 10 deg. control surface angle is used. 
' Since these areas are far from excessive from a mechanical standpoint, 
they could be increased if more thorough control studies showed the 
desirability of obtaining higher angular accelerations. 
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U. PROBLEMS AMR ORBIJ IS jgWjttgBSD 

Once the vehicle has bean established in ltfl orbit at the de- 
Hired altitude various other problems crlsa In connection with the 
satisfactory operation of the vehicle. For esample, the vehicle 
will be constantly exposed to the possibility of being hit by 
meteorites of all sizes and aois of ^hlch will be training at 
wry high speed. Also, at such high altitudes the intense heating 
of the vehicle by the sun is a problem to be considered. Radio con- 
tact oust be maintained. Ihese and other problems connected with 
the satisfactory operation of the vehicle are discussed beloa, 

geteoritas . (Ihe Probability of a Uateorite Hitting a Satellite 
Vehicle Traveling in the Upper Atmosphere. ) It is wall knora that a 
great many meteorites enter the earth's atmosphere each day. If a 
body should be situated in the upper atmosphere at altitudes where 
meteorites are observed with high frequency, the question arises as 
to what are the chances that the body, will be struck: by a meteorite 
and if a strike does occur what are the probabilities that the 
meteorite win seriously daffege or otherwise Interfere with the motion 
of the body. * 

Meteorite* are discrete masses of ratter from outer apace which 
flnter the earth's atmosphere. Judging from those which are large 
enough to survive the journey through the air and reach the ground, 
and which are then called fallen meteorites, they are composed mainly 



Leonard, F. C: Meteorites; Immigranta From Space. Public*- 

,'tions of the Astronomical Society of the Pacific, 
* Vol. 57, Ho. 3M; p. 1, Feb. 1945. 
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of stony matter (similar to igneous rock) and metallic nickeliferoue 
iron. Like fallen meteorites, the relative amounts of iron and stony 
matter in the meteorites may be expected to vary greatly ranging from 
almost ell iron to almost all stone. However, it is quite likely 
that the stony meteorites are more prevalent than iron meteorites by 
a factor of more than ten, although a stony meteorite itself may con- 
tain some 25 percent iron by mass. It will beiassuiaed that the 
meteorites consist aainly of stony matter. 

Meteorites vary greatly in size ranging from something smaller 
than a oin head or grain of sand up to the large raeteoritic masses 
found en the earth *hich *eigh 10 or SO tons or more. (According 
to Leonard, Reference 1, meteorites may be of any magnitude whatever, 
from the size of the tiniest solid particle to that of a mass of 
planetary dimensions, and are the smallest discrete astronomical 
bodies. The term meteor is prooerly used to denote the luminous 
phenomenon which results from the motion of a meteorite through the 
earth's atmosphere.) It is estimated that the weight of the average 
fallen meteorite is 220 oounds before entering the atmosphere and that 
this is reduced to about Ai pounds by the tlnte the earth's surface is 
reached, However, meteorites which are large enough to reach the 
earth' s; surface occur with such low frequency, ; or 6 a day for the 
whole earth, that they need not b* considered here. 
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Typioai values of Telocity and altitude as determined by observa- 
tions of certain bright aiteors are giwa ia Table 1 whioh la taken 

(2) 
from Mfaelster, 

As one Bight aspect, It ia seen from Table I that the higher the 
Mteorlte makes its appearand the greater Is its velocity, Veloci- 
ties ranging from 80,000 to 250,000 ft, per see, 'are quite conaton, 

(3) 
According to ffataon most msteors appear at a height of about 300,000 

feet regardless of their brightness and my be taken to have en .average 
atmospheric velocity of about 3,50,000 feet per second. Thus, at an _ 
altitude of 500,000 feet, ahere the body is assumed to. he situated, 
most all of the meteorites will he intent and will not have Buffered 
complete dissipation. At this altitude the body will therefore be 
exposed to practically all of the aeteoritea which eater the atmoa- 



The number, size and mass of meteorites entering 
each day 1b given Id Table 2 which Is based on a table given by Watson 
{ibid., p. 115). 

The visual magnitude of a meteor la expressed in terms of a scale 
is which numerically large magnitudes represent faint bodlea. Two 
meteors which differ by five magnitudes have a hundred-fold difference 
In brightness and, since the brightness la directly proportional to 



(3) Watson, F, 0,! Between the Planets, The BlailstOc Company, 
Philadelphia; p. 93, 1^45. 
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the mass, they represent a hundred-fold difference in Bass* A aateor 
just risible to the naked 97a has a magnitude of 5 while the fall 
moon has a Magnitude of -14. Also, It will be noticed from Table 2 
that when the magnitude differs by fire units, the. number of nateors 
changes by a factor of 100. In this «ay the table may be extended 
to include smaller and smaller meteorites (numerically larger magni- 
tudes). 

However, there is a Uniting magnitude beyond which there can be 
few, if any, meteorites, aM according to Watson, p. 116, this Halt- 
ing aizs la a meteorite of magnitude 30. This is explained by the 
fact that for a particle smaller than this the aolar radiation pressure 
Is sufficient to repel any particle to such an ejtent that it could 
not remain in tha aolar system. 

In Table 2, figures are included for meteorites down to the 

smallast possible size, magnitude 30* The sizes have been computed 

on the basis that the meteorite 13 a sphere composed mainly of stony 

(4} 
matter which according to Whipple, has a specific gravity of 3,4, 

The variation of size with magnitude la presented in Fig. 1. 

It is sean that a great range In size and mass la represented in 

the table and the question Immediately arises, especially for tha very 

small particles, as to what velocities are to be associated with tha 

various sizes. If It is assumed that the meteorites move In parabolic 

orbits at the same distance fi'om the son as the earth, a Meteorite 
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encomrtering the osith head-on will eater the outer atmosphere with a >■■*<■ 
flpee-i of 350,000 ft. per sec, shila one overtaking the earth, will 
eater the atmosphere with a speed of only 43,300 ft. per aeo, Thufle 
speeds would be the same for meteorites of all sizes since there has 
not yet been any deceleration resulting from air resistance, Hcsever, 
once the meteorite has entered the atmosphere, deceleration mat take 
place and tola mat certainly be greater far a small meteorite than 
for a larger one,. assuming that both enter the atmosphere with the 
saae speed, Hhlpple, loc, Cj,£, p. £52 gives as a universally accepted 
expression for the deceleration, 

dt"173"P r ' " U1 

where V * velocity^ 

p 5 density of the atmosphere } 
2/3 
a(ffl): ,- .• : effective cross sectional area, 

X z noB-dimensiJaal form factor depending on the shape of the 
meteorite but independent of Telocity. 
For a sphere, ¥ : 1/3 and if the density la 3,4, a = 0,53. 

The rigorous investigation of the deceleration would involve a 
study of the variations of Jf ,a, p, and especially m, as a function 
of time or distance, Since tins Is cot available to carry on such a 
study at the present and since at this stage of the projeat, approxl- 
fflflte..T8lueB will be satisfactory, we therefore adopt the following 
approximate method. 
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Chapter U* 

Assume that j , a, and a are independent of the motion of the, 
"neieorits through* the' air and since values tar annuity and its wia- 
' tioii' la the ! very high atmosphere aw lacking, replace p by an average 
m. effective value p * 
'"*" """The differential equation nay'then by mitten 

itf) 2y 6 p A ■ . \ 



In this expression V^ is the velocity of the Bsteorite when it 
enters the atmosphere, and Vf its velooity after it has fallen a 
vertical diijtanceAh through the air. As a mailmni Condition it Hill 
be aasujBd that the meteor? t« eaters the atmosphere head-on ao that 
ita speed is given by \ z 47.4 ni./sw. : 350,000 ft,/sea. Sae p. 9 
of Leonard, loo, eit, 

From Table 1 i% is. estimated that bright oeteors (about magnitude 
2) have a valooity of about 200,000 ft./seq, at 100 ailea altitude 
(528,000 ft,) bo that l t i 200,000 ft./see. Although the height of 
the approximate upper limit of tha atmosphere le not known, auroral 



At this stage of the analysis, tha density valiiefrderivad In Appendir 
A were not yet available. However, it is believed that a mora exact 
treatment of the density variation with altitude would not appreciably 



change the results derived here h 
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obeanationB indicate the pressure of atmosphere at 1000 ton, (622 
miles) and this figure will be used to represent the altitude cf the 
effect Its lMt of the atmosphere. Since we are interested in the 
meteorite velocity at 100 miles altitude, 

Ah = 522 aUm's 840 h = 8.40 X 1Q 7 Cffi. 
for a fiateor of magnitude £ it is found from Table £ that Eg - .040 
gram, and hence ag 1 ' 3 = .543. The constant k my now be evaluated 
giving fc fi 0.9 i 10-3. 

It Has found in Table 2 that a change of one magnitude a 
to ft change in mesa ay a factor of 2.5, Thus if all maaea 
referred to that of a meteor of magnitude 2 one may write 



and Eq. (2) fflay then be mitten 



-.ja-sb.sl 
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at 100 miles altitude, This function is plotted in Fig. I where it 
is seen that for magnitudes greater than 5, the velocity decreases 
rapidly. 

Since the vehicle may also operate at altitudes highar:than 
100 miles, say up to 400 miles, it become necessary to obtain an 
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estimate of T» for this upper altitude limit alao. At an altitude 
aa high aa 400 miles it is not poaaible to obtain any estimate of 
the deceleration from Table 1. fttrthattiiore, the effective density 
value p from 400 to 622 miles Is certainly much different than that 
from 100 to 622 miles and therefore the value found above for the 
deoalapatton factor k would not apply to this much higher altitude. 
In fact at such a high altitude it 1b not entirely unlikely that 
the deceleration would he negligible, We thus have the two extremes 
within which the velocity mat lie, that of no change in valocity, 
and that with Telocity given by using the value k = 0.9 X 10" 
found above for tha 100 mile altitude. 

The velocity corresponding to this latter limit ia given by 
the equation 

-.094 i[2.5] 



corresponding to A h = 622 - 400 : 22S miles. 

These two extremes are ehown in Fig. -2A whera the tfftU* curve 
which has been drawn in to represent a compromise between the two 
extremes will be used aa an estimate of the velocities prevailing 
at 400 ailea altitude. It in seen that at these extremely high altl- 
tudea, the smaller mteorites maintain a fairly high velocity. 
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Hating the relation batween 7y and M given by Figs, 2 and SA 

It ig nos necessary to determine what is the smallest toteorita which 

will penetrate through (perforate) the skin of the satellite vehicle. 

There seejna to be very little, if any, Information available, either 

theoretical or erperlmeatal, on the penetration of natal plate by 

15) 
ropy small but extrenaly high spaed particles. Bethe, has apparently 

worfced on this problem to som eitent but unfortunately his paper is 
not available. 

However, the indications are that in the case of normal impact 
of a small buttery high speed particle on a metal plate in which 
the Speed of the particle la large compared to the velocity of pro- 
pagation of plastic deformation la the plate, the particle penetra- 
te.H^as though the plate were perfectly deformabie lite a fluid* In 
this case the differential equation for the motion of the particle 



i plate is 



at 2 



L P 
? of particle - ^ 



1 - diameter of particle, 

a = distance of penetration into the plate, 

3 = density of the plate = 2.8 %y for duralj 



~l/jMUd^wmc^M?iMc^L'!^M 
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p„ "density of particle - 3.4 "-y fot a aetaorite, 
■ Co 

'*■' m- 8 *" - ■ " ■ w ' 

..■; ' • ml: .'.**,> .*i !i -. .v: v ■- ■ ■■• (6)=': ' 
C Q ■ teg ooaffloient - 2/3, aee ipstein. 

^ The aviation beo eras . . _.„.,. , .,,.-,.,. .,., ..-., _;^. : 



where V„ is the velocity of the particle as It first strifes the 
plate and V is its Telocity after it has penetrated a dlstatjoe s, 
Slhen the Speed of the particle has dropped to about 5 tifflaa the 
plastic deformation velocity V, , it will be aaauaed ttet tela las 
of pacetre'iion is no longer tc be used. IB tha range in which it is 
to be used the equation ia then written 

V 
a - 2 I log ^- ■ it 

When the speed of tha partiole is laaa than 5 times the plastic 
deformation dpeed it will be assumd that the penetration takes 
plane according to one of the armor panetrattoa fomlaa. 



(6): Epeiein, P, S,; Proc. Wet, A:ad, Sci.. V^i i? ( p, 53S f 1931, 
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(?) 

ThB wll-knoim BeUarra armor penetration formula for plain wrought 


iron is 

1 




•65 . .333 i 10" 4 « 2 V 
d' 75 


(7) 


where 




t - penetration in ft* } 




& - diameter of particle in ft.j 




w = Might of partiflls ia pounds ; 




7 : raloCity of particle Ja ft. /sea. 




In thia equation, V is the velocity nacesaary to perforate & thiahsflB 


t of wrought iron by a particle of weight w ami diameter d. 
The Watertow Arsenal use3 the formula 


■■■■$-- 




where 




t z thickness penetrated , 




a : mass of projectile, 




F s Thonrpeon coefficient, 




& Z diameter of projeotile } 




V : velocity of projectile. 
(6) 
The work of Euhsz and Clark on penetration of copper by nigh 


(7)i Tie tMtsl states Snal Institute! Saml OrAiance, Amapolia, 

M. 1939, p. 301. 

(7a): Sullivan, J J.: An ImlrlMl ApPrMll To IW ZffWKnt tWlen 

of Arinor For Aircraft. Watertown Arsenal Laboratory, i'/atertown, Mass. 

SipirHwttal, Haport Bo. ML 710/506, Jan., 1944, p. 9. 

(8|; SDK Seport Bombsr 11-317 
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r spead .saosU.1, caliber bullets directly verifies the jwlwlty equared . 
relation for Bpeeds of the order of 4000 ft./se<J. TSfflir results 



| - 5.9 x 10" 7 V 2 , - (9) 

Thus the experimental data give rise to penetration fonmlaa pro- 
portional to V 1 * 5 or t: Since the results 'of Duwej and Clark are 
sonsifiared the best to age in the present study, a formula corres- . 
ponding to (9), which refers is copper, will be ueed in the ballistic 
1 range. "Since. the' ultimate strengths of duraT'and copper are of the,, 
"sane order of magnitude and 'since the ballistic -penetration is closely 
connected with this property of the metal, it will be assurad that 
the raBulta for copper also apply to dural within the degree of 
approximation of the equations, 

2(i. (9) was obtained from experinenta itltit 0.22& inch diaaeter 
projectiles, If It 1b aasufflad that the energy logs per unit pene- 
tration ia proportional to the frontal area A of the projectile end 
also constant over the ballistic range {as shown in ref, (8)) It 
follows that 



<\KE 



= change In kinetic enow, aQd 
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In the tests, the projectile weight nas 69 grains and waa brought t 
rest in about 2 laches of Copper, This gives 



2 7 

■ - — = 5.03 1 10 



The corresponding penetration formula for a sphere scald t 
1„ ^VV 

»„? ^p,,zd.r- 



d 30 • 

• 34 &$ ■ 6.6 ^ and C - 5.03 X 10 7 



aa determined from tns firing tests on copper, the penetration formla 
for a sphere becomes 

-8 2 

i : 4,4 X 10 T (9A) 

The Telocity of plastic deformation la compression le kncwn to 

19) 
be around 1000 ft. per sec, so that the Uniting speed used in the 

fluid-flon equation (6) «1U be taken to be 5,000 ft. per sec. 
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This corresponds to a plastic Reformation Mash ntunber of 5. Thus 
to compute the total penetration for a part isle (meteorite) having 
6 Spaed greater than 5000 ft, per see,, Eq, (6) IS flrat used to 
floupute the penetration s at vision the speed la eloaad down to 5,000 
ft. per sec. The remainder of the penetration t is then coaputed from 
8% (9) using V = 5,000 ft. per eeo. The total penetration ia then 
given by the sun s ♦ t. Letting T*«+t, the computation can &e simpli- 
fied by joining Eqe. |6) and (9) at Yjj " 5,000 ft. per fleo. and the 
total penetration T la then given by 

t 10" 8 'V U 2 , for <V < 5,000 ft. /sec. 



The variation of T with 1L is ehcwn In Fig, 3. 

These aquations are essentially empirical and neglect effect of 
shape of projectile and Influence of th» physical properties of the 
natal on the critical velocities. Since the basis for the formulae 
lies in extrapolaiicg rather oeeger ballistic data and theories to 
the snail sizes of meteorites, considerable error may ta expected. 
The present results may, '-wwevor, serve to give an .Indication of the 
order of ragnitude of the lapact effects. 
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Using the reaulta contained in Figs, 1 and '2 frhich/eotniaQt the 
diameter- and velocity'^ a meteorite with the magnitude of its fflsteor, 
the penetration at an altitude of 100 miles can be expressed directly 
a3 a function of meteor aagaltude. Tills is tabulated la Table 3 and 
presented graphically in Fig, 4, 

in a aiailar fashion, using' Fig, 2A, the penetration at 400 ailea 
altitude is obtained as a function of meteor Magnitude, and this 1b 
presented in Table 3A and fig* 4A, 

From Tables 3 and' 3A or Kp.4 end 4A, one nay sea iraasdiataly 
ton thlolt the skin {assttaed to he of dnral) of the satellite vesicle 
mast he to HltHfltand perforation by ssworites of different siaea 
{magnitudes), Hiua at 100 utiles altitude, for a meteor of magnitude 
0, the akin, according to the analyuia, would have to be at least 
2,08 inches thick in order to resist perforation. For a skin thick- 
ness of ,05 in. = ,00416 ft. which represents the order of thlofcneafl 
of metal comonly used in aircraft design, it la seen that the 
analieat nBteorlte,. which alii perforate 30rra3pond3 to about magni- 
tude 9 or 10, For velocities less than about 1000 ft. per sec. 
the particles would probably net penetrate the plate at all, hut 
aiaply bounce off, In view of the penetration rasulta presented in 
Table 3 for the 100 mile altitude, it is 3een that, as far. as present: 
lag perforation hazard is concerned, meteorites of corresponding 
magnitude greater than 12 can certainly be conplt 



>d.bv ''■ V-rir--tT _ OOUGUS AIRCRAFT COMPANY, INC, m« 12. „ 









Chflptei 


11 






MBB3 






ffisBSMiai of tutu, pub h tBEooiES - Aumm 100 am 


HagBitude 
of Meteor 


Valccltj 
of Mateorlte 


tratlon 
Eatlo 


Diameter of 
Xeteorite P 


lotal 
aetraticn 
Distance 


Total 

Penetration 

Matance 


« 


V n > ' 


f 


i, ft. 


I, ft. 


T, luahefl 





280,000 


10.2 




017 


1734 


2.08 


1 


813,000 


10.12 




0126 


12751 


1-53 


2 


203,000 


10.00 




0092 


09200 


1.104 


3 


169,000 


9.85 




0066 


06684 


.6021 


ll 


170,000 


9.58 




0050 


0I179O 


3748 


5 


1*3,000 


9.17 




0037 


03393 


.40716 


6 


112,000 


8,58 




0027 


02317 


.27804 


7 


62,500 


7.83 




0020 


01566 


.15792 


8 


56,500 


6.9O 




0OH7 


010U 


.12168 


9 


36,000 


5.64 




00107 


006249 


,074988 


10 


19,500 


1.32 




OOO79 


003413 


.,10956 


11 


8,200 


2.28 




OOO58 


001322 


.015864 


12 


2,500 


0,25 




000*2 


000105 


,01260 


13 


550 


0.03 




00032 


00000! 6 


,C00115 




',4t>FHFTBiTinN riF Bitmi pi An m MeretMiTES^AiTlfvogMLMM. 



iwtn.^uJffiHJ DOUGUS AIRCRAFT ( 

i._3£jU2!d s-.CTi ■ra ii"-._ 

.■■■ — saut ai atsiSH c? j;ts.litj yearns 



PEMSTRATIOII OF WW. PIE! OT II 



» Vj, H./m 


I 
J 


244,000 


10,43 
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10.41 
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10.39 
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10.35 
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10.24 
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8.84 
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5 values in Tables 3 and 3A it is found that for 
magnitudes of 5 or less the increase in altitude frot 100 to 400 miles 
does not appreciably affect the penetration, For the smaller sisea 
the differenca in penetration at the two altitudes becomes mora aarfced, 
although fop magnitudes greater than 1§, the penetration becomes 



la case the skin ia made of material of greater strength and 
hardness than dural, stainless steel for Maniple, the penetration 
Hould be expected to be corraspondingiy. less. In this connection, 
however, it is worth noting that according to the expariHBnta reported 
in ref. 8, whan the projectile size was much sillier than the plate 
thickness, dural gate greater resistance to perforation than face 
hardened steel when the comparison is made on the basis of the weight 
per unit area of plate, 

Aaid8' L from the problem of perforation by a meteorite, the ques- 
tion also arises as to what sort of average impact force '{averaged 
over a long interval of tine) ia to he ejpected aa a result of 
meteorite hits. For a given magnitude (size) H, if 5 ia the average 
number of hits per hoar, # the weight in pounds, V the velocity in 
ft, per sec,, the' average impact forca f is simply 



7 -5~* 
3600 g 



7, m, .. r . - . -« . .------- [ioa] 



?roo Table 2 it will be found that the product of off is constant 

-12 
and equal to 1.73 x 10 , Thus the average force of impact ia given 
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■J'^iilfih^h^s^Mt'eveii^itli'tlfepiilglieiet vjiooitiea. considered here, £.. 
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&■■ -" 


: r jfthis ^Tsrage-foro'o ■woaldJbetfar too^saall ■ to in any way atteot the |- ■ > 
' >)perfonmce of .t"ftQ<7Blilole, c «J - i3 '-' ! ''''.''"■' ■- '- '- ■' i 
"""- i Having QiTl7Bd'"at'«figares'for > t , aa penetration by tie usteoriteai 
" ''■of different sizes jSitiacw remains to f ind the 'probabilities that ^ . 

the vehicle will be struck by these particles. The following nota- i 
^tioEWill o8'"'08ea. E '-"' s,; - *- & '■■-'- ■ -^ :, ~- ■'■-'- $ 



;■;;?-. : b s ntuSb'er'o'f -flateotttesi either total "or of specified eisa) \ 
.•■sui :':. .entering ttes&rtife -a-taosptew inaaoii-S4 hoor^iOTiod, jj. ■ 
3.'fl"'...'.J^ :: nuS)sr of .sonars faat of.'ataospherlc surface at. a height J 
rift ::■ "■ j of- S00 ,000 rf eet ^ -.Tlisjmia^r nhioh nill be .used 'here is t 
.-.-., A fl .Wfi(a*39)^ 110^:^.4 1 10 l4 ;sq. ft. '.Radius of [ 
■ , earth = 30.89 i W^it*- ' ' -i! 

Ajj- planform area of the aateUite vehicle, sq. ft. The number 
TJhich sill be used ie for e triangular planfora 60 ft. i 32 
ft, rchiah gives the value, A b : 9SO sq. ft. 
P 1+ s probability that at least one hit will occur In the tins T. 
p s probability that no hit will ooour in the tins T. (P Bl "P]_ + )- : 
P 1 = probability that exactly one hit will occur in the tins T. 
T{0<5) s Hm interval such that the vehicle baa a 50 to 50 chance of 

not being hit. 
T(o.99) = time interval such that the vehicle has a 100 to 1 change of 

not being hit. 
TlO.999): tta interval such that toe vehicle has a 1000 to 1 cbance of 
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These px'obabiiitit 

4 and 5, The formulas 
Appendix G. 

The meteorites ed 
random distribution bot 
the atmospheric layer £ 
occurrence with time, 
the atmosphere along th 
vehicle Is aorsal to til 

The two tables are 
that the values used fo: 
of meteoritas of one si 
Table 5 include the tot) 
all those of large? slzi 
do not differ appreciab: 
higher, the diffffrance ; 
1, Appendix fl, For thi; 
to be the more signifies 
consideration. 

Conaideriflg Table i 
time interval between hi 
contemplated tins of ope 
until the meteorite size 
) 14 or 15, Thu 
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Theae probabilities and time internals are presented in Tables 
i and 5, The formulas by which they are computed are derived In 



The meteorii 
random distribut: 
the atmospheric 



s entering the atmosphere are assumed to have a 
g both as regards their surface distribution over 
layer surrounding the earth and as regards their 
time. It is aaauasd that the meteorites travel through 
ilong the vertical eni that the planf orm area of the 
vehicle is normal to the vertical. 

The two tables are entirely similar, the only difference being 
that the values used for K in Table 4 are based on the total number 
of meteorites of one siza only; whereas, tha values for M used in 
Table 5 include the total number of aeteorites of a given sise plus 
all those of larger size. At the lower magnitudes tijeae two numbers 
do not differ appreciably, but at tfce higher magnitudes, 9 or 10 and 
higher, the difference is large enough to be considered. See labia 
1, Appendii (J, For this reason the values in Table 5 are considered 
to be the more significant and this table will receive the main 
consideration. 

Considering Table 5, it is seen, first of all, that the average 
time interval between hits does not attain values comparable to the 
contemplated time of operation of the vehicle (say froa 5 to 10 days) 
until the meteorite size becomes aa small as that corresponding to 
magnitude 14 or 15. Thus, it la se^n from the column for !.I - 15, 
that on the average, the vehicle could operate for 192 hours before 
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it would be hit by a meteorite of size c 
or any larger size, For nagnitudes greater than 15 the average time 
between hits becomes relatiiraly bbbII but by this time the meteorites 
are of such snail size and velocity that It does not Batter, The 
probability numbers, of course, show the Sana general tendencies as 
do the numbers for 5 and t. 

The swat important probability to consider, it would Been, is 
the probability P 1+ which is the probability that the vehicle will be 
hit at least ones, 0r t stated, slightly differently, P^glves simply 
the probability that the vehicle sill be hit, the number of times it 
will be hit not being specified, The probability scale is such that 
a probability of 1 means that the event is certain to occur, while 
a probability of leans the event is ce;~tain not to occur. Con- 
sidering the values of P 1+ in Table 5 for the 120-hour interval (5 
days), for instance, the probability of a hit is less then 1 in a 1000 
(i.e. 0,001] for all oagnitudes Of 9 or less. At magnitude 15, however, 
the probability has greatly increased and shows that there is only 
about a 50 ~ 50 chance that the vehicle will not be hit. Here again, 
however, the size of the particle becomes 80 small that even though the 
probability becomes high, it does not natter as far as damage to the 
vehicle Is concerned. For magnitudes 20 and above, the vehicle is cer- ■ 
tain to be hit, but it certainly will not matter consider!^ the awil 
size of these partiCiaE. 

Considering next the probability- based time intervale, we aee, 



N? 
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); ,fop : e3Hi^lfl^t3iat-if m apeoify a 1Q0O to l chance of not being hit 1 ' 
l. -..by a y tooritB^.of eosrespoafling magnitude 10 or leas, th9:TOhiele. 
3" fflay^ra^'jfbp 19.2 hears. If the probability ninstoer ia .reland. 
■3 ' 'doBtf -to a 10O-*to I'Qhahoe'of no hit, tiw operating "time increases to 
I ' 192Jiours,.eW.' -.' ■:' . .J. , _l -*'',',■ . 

'^ . "L"4.1t'is.in$sresting to note that at around magnitude 15, the 
-} i> jffob"abUiii8B'P£ f .', p fl , and P^ , all take on coeparable valuea, an<w- 

'2 ^-ing^that'eoEEfthare in this range of:nagnituaVtii8 ocenrrenije of thsee 
„i' ;tnwe"'8tent3 tecojpa'tiiore or lass equally probable,^ ' i; ; . - 

^.ss:. vLi^^Iaganaral,;.the .probability tables indicate that for the aeteorite 
! 4T sizes whieh.are large eaouga'to present a perforation hazard, tie 

'■-''>, - .probabilities of a hit are quite stair, never exceeding aW 0.001 
(for a reasonable plate thiaknesa' aay, of 0,10 In,) or about 1 chance 



Having the relation between T and U (Figs, 4 and 4A) and 
relation between p i+ and M (table 5), one my then derive a n 
between T and p, + /where p. ia the probability that a flflteorite of 
corresponding magnitude a will just perforata a dural akin talcknesa 
of amount T. This ralationehip has been derived and is ahown 
5, for the two altitudes 1Q0 Biles and 400 miles, These curves 
represent, essentially, the net result of the perforation and proba- 
bility study »hen presented in the most usable form. 

Since the relation of the type shown in Fig, 5 baa been deter- 
mined only for the ease of a 5 day Ume interval, we shall suppose 
that the vehicle is to operate for a period of 5 days, We thea, 










PROBABILITY OF BEING HIT IN FIVE DAYS 8Y A METCRltt WHICH WILL PERFORATE DURAL SKIN OF GIVEN THICKNESS 



i ■ i, ,...._., , .1 j,,,, iiniiiikiniviy.»iii|i 
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\ Olapterl'li; "' 



for example, my ask what .is^'b^probatitlity^t atafcifi,?* sej* "* ;| 

. 0.12 in,, t^iiak dural ( aill ba^parfprfftadiby.a EBtefirJ^wW^tteyAv.S 

altitude .is, for instance,, 100 Hiles B ,,Men?ing to^tii?. 100. aile '■■''. I 

altitude eurra of Jig, 5 for T = 0.12 ifi,, it is found that P 1+ .".l|l0"2 
. . ..- :-.. ' ...,- .•■,.* . | . 

' : ;700£. .'i<\, Smb. for tie efecaan Ccmditioa.tbs ohanses are 1000 toS. 

"■'■> -■" -■-'- ■■ : ^ ■■■» ' ■ '. -8 . ' 
1 shat the slda sill not be. perforated., lor a sttn .thickness I =^0| •- 

in,, the probability U P lt - «004S, and in this, Case tae aaances. i - 

are only 308 to 1 that perforation will not occur, ^ There is not I. ■ L 

mica point in eqnsidariag tsltisfl of T<,05 in* sinc^at least,tnis--$ 

much thickness uoald be required simply from considerations of ,:Btrac-|- ■ 

tural strength, /"*—*.£■ "'■ § ■ 

ae use of the curves of Fig, S'may also be consideratl froa tha| ' 

- ■' ■ >■.* ■■. ■-■■' -■: ■. *■;*. fM-* 

ravBrsa point of rfafi, ABStuatag operation at 100 ailes altitude, |. 
suppose we are willing to take a 1000 to 1 chance on the occurrence 
of perforation, and then ask what the Bkin thickness mst be. For 
P l4 : ,001 and at 100 miles altitude it is found that T * 0.12 in. ■ 
These examples are sufficient to shew how the perforation - proba- ; 
bility-tlas curve is used. 
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Tafflpurstura of Vahiola when on the Orbit . - The temperatures 
reached by the vehicle Than it is on its orbit ere celculRied by consider- 
ing the process of redietloa of fceet from the sun and earth, to the body, 
$od free the body to spaea. 

Suppose, to begin with, that the aiaple illustrative example of 
the iie&tisg of the earth by the sun is considered. It is desired to cco 
pute the average temperature of tiie earth's surface, The rate of heat 
radiation by the sn wj.ll be ^ ■ 

8t*otJ m 9 111 

wharo 

=.0.173 * 10 8 BTiJ/{s<i.ft.)(hr.](deg.JU) i . 

T g * lo,80oV, sun's surface temperature 

d = 06^,000 niles, sun's dieneter . 
This energy travels into space on spherical surfaces, end therefore the 
fraction of this energy which is intercepted 0? the earth is equej. to 
the percenter of the area of the sphere, of radius equal tc the distance 
I'roa the sun to the eerth, which is blocked off by the earth. This *,ust 
further be multiplied by the absorptivity of the earth. Therefore) the 
rate at which heat is absorbed into the garth la 
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a = absorptivity 
' A = projected area expose 
L = distance from earth t 
t which the earth radiates heat ia 



13) 



Hers, t ° anissivity . f- 

T = average surface tamperature of earth 
d = diameter of earth., 7920 alios 
Shan heat is radiated out as fast as it is absorbed, 6o.uiUbriug conditions 
eziat'.""This is obtained by setting {2} equal to (3) *'''"*' 



tfr r 



i 2 = ff « T^ "na 2 



J found, after Sotting P. 
, T*d 2 



1/4, and e • a by Kirchoff'a 






(5) 



2 n 

Uaing the values noted -^bove, he rind T = ;20°3 = 6o°F, which is in 
reasonable agreement KiA o-ir ftvsrydey «x:.«ri«nce. 

How let us apply a oiraiiar *-r.uiysi5 tc a syteUHa vehicle, Ths 
vehicle will alternately be in front and behind the earth. Supposing 
that it is in front of the earth for a sufficiently Ions time to reach 
aqullibrluffi, the gowning reletion i's 



rn 



"rT 



i= geT 4 5 



lit 



*. 



(6) 
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where the symbols are ea noted previously sxoapt for 






A e projected area of vehicle es aeea from earth 






A = effective projected area of vehicle as gaen from 3 






T " temperature Of vehicle, in front of earth 






5 - 3urfoce area of vehicle 




AS.lE.3 


unie a = £ , and simplify (6). T g can be eUainated by the 


ue 


of «). 


Tills leeds to 






vf 2 T~ + 3~ i 
161, L v v j 


(7) 


ft.lt! 


necessary to determine the ratio of projected to surfece 


8MM . 


The vehicle is conicel in shape, with an altitude of 16 2/3' aad a 


to. 


dienOter 


nf 3 1/3'. If the vehicle eiis remains tangent to Ha orbit, 




V.. ' .5-x 3.33 1 1^7 „ r 




S .jn it 16.67 1 303 +*25* 3-33 2 


The projection of the vehicle as seen from the sun is e circle at 


'dawn' 1 , 


gradually changing to a triangle at "high soon" aad then going back to 


s circle 


at "dusk". The mean fourth root of the projected aree raised 


to the fourth power Is 






V 19,31.29a ... 




S, .5 5 303 » 16.67 •* 


iifflod 


1*. i.io.-A».i.joi* 

! ,= 1.02 t ■ 530°J « 70°?. 


(3) 



1 



tmi3 


?»«™ ^- _Z , ^ 






If the VflhieU »are behind the -earfcnt&ra ti [ ae>grBat^eiiciii(jh to praduoe^.t'; 
equilibrium teop8ratuMs,4halt'jtSe*flquaUoa governing the situation 1st > 
nka, L (,6) ij but^.thou^tie|firs53t5ffl Jff i^: ::ailvs . ; , a , f r . i(fP | ; ; 

Thie ia readily reduced to t 

,-..■■ „ it'-.mi^ uf ■ 

It follows direotly that f _. ^ i I 

»*■ :■. ■ , ;u ^ .f^T^V^S^^f f . : . | 

■; ' ' ■ J 

Thus «e have ahotoi that t ha temperature of the vehicle inust lie between 

the limits 70 F. end"' T 79 T. "-To flnijust'iiihera, between these limits; 

the temperatures lie, it is 'necessary" to v s«t up the differontiel equation 

relating temperatures with time. The net rata of heet transfer for the 

body in front of the earth with respect-to the sun is 

uaing (4), putt lag" d = t , and simplifying, v;e find 

For the values used previously, 

The speotfic heat is defined to be 

ia which V.' ia the v/eight of the vehicle. From this, it is seen that- 
t f -I (HI 





i.r JiJJ»ilB DOUGLAS AIRCRAFT COMPANY, INC. ~a i~ 

JtoO,.-19i6_- SASTijlDMi nun «»u.-fiPJ3 

fiLimmfiinr Eacii or asuiK ve;ikls „, „„ sn-naa ? 







Chapter U 


(12) can then be reduced to 






i!i s «ii|V.T;i 




(15) 


There are several calculations which can b 


immediat 


ly lade using 


(15). ftnt, ror equilibrium, flT^/dt = 


«*% 


530. bis 


checks the calculation made previously. Second, the 


mateat rati of 


heating occurs when L is least, and the least value 


ot T v is Sl°5. 


Using that value, « =■ 1,0, C = .12 BIU/lb. 


7, and * 


> 300 lb', »s 


find aT/et = 26s°?/Hr. 






An eip«Sflion Similar to. (15) ceo be 


et up ftjr 


the tiinfl whan the 


vehicle is behind the earth. For that cae 






£~'#fr»'i 




(16) 


Here the itsxifflum rate of increase in T„ is 


also 265° 


F./hr. Since the 


half^period is shout ,?5 hr, , it cm be se 


en that til 


e temperature 


changes.: Hill.tendi. to- be large.;. 






■Hie mean temperature, T , can now be obtained 


by assuming that the 


rate of change 0* temperature 13 constant, 


end than 




\ M " i81 ' * S?0 ' < " t 






From this wa find that 






An astimote of the limits to the teapareture verietl 


on on the orbit can 


now be found by calculation of ths rate of 


temperature change at this 


aean tattperature. 






* Structural weight only. Jay load fitisuned to 


be insulated J ran structure. 
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^.&iu< 



[4U*-Wt*] 



and using the previously noted numerical valuea, we find tha rats of > 
change of 1^, at the mean fy is 132 F. per how, or about 10O°F in \ 
the time required to make 9 half revolution. • 

To obtain tha graph of temperature as, a fmcti on of time, it is? 
naeessary to ratum now to (13) and (16). Inserting the values for the 
known constants, we have ' 5 . % 

i ..■■.. i\ 



■—■-itvtirffa'-i'i 



ftt , 



I, , I UllVj'iSV-T,^ 



(17) 
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v "''nii.ii'j'iioY'" ,5, '^,^d 
sw-t,,. «»-.,,, ' 

when the vehicle is in the sun. 
Equation [18} leads to 

f\_i— (''"Jli. 



V 58 ' T,, .»'' 

5T * "~ is! 

whan the vehicle iB in the earth's shadow. 

Biuatloiia (191 end (20) ware uaed to obtain fij. 6 , «Mnh Bhora 
the tiDie vari8tiona in temperature. 

The calculations mtt up to this point have considered only radia- 
tion phenomenon. It l. necessary also to investigate the haatinc, doe to 
friction, to in the case of the drat calculetione, various rentes of 
heet transfer erisi, depending jrliierlly on the epeed end altitude.' The 
orbit mil be of neceasity ohoaeu to u at an altitude 80 grant that 
kinetic theory jathoda lay he used here for computing heat transfer, a 
nil oejin «lth ample aseunptlons ««ich "ill <«n a L0 aia ths bM ' *"■" 
far larger then it, actually is. 
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Consider a 3U: 
nuitber of molecules 
angle between the f 
molflo'jles dolliiinf 
Jifts on anargytl/qi 
we disregard Che n 
The energy of all 1 
eridently 

E 

the same number of 
their moments nil! 
molecules enter the 
skin molecules, and 
leaving the ma w 

where (L is the moi 
tempereturs. The e 



where M is the mole 
and T„ la the tenpe 
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Consider a surface of the vehicle of tin It eree. Then If N la the 
number of molecules in unitvoluM, V is tha vehicle speed, ond a the 
angle between the surface and the direction of motion, the number of 
molecules colliding with, unit area In unit timfl is NVa. Each molecule 
Hfjfl at' SMrgyftL/^pF , v hM$ H * s ^e <" fl8fl °f ona molscule, and where 
' we disregard the random velocity because it la email compared to V, 
The' energy of 'all the molecules which strikes unit area in unit tine la 
evidently 

The same number of molecules will leave unit area in unit Unto, but 
their momenta will he different, lie will make the assumption that tha ai 
molecules enter the ssin surface, come to thecal equilibrium with the 
skin molecules, and ttien are discharged in random fashion, Tee energy' 
leaving the aRiu unit area in mat time la just 

where (L is the jjolecular mean square Speed corresponding to the skill 
temperature. The energy left in the well is 

■ Now by assuming equipartltion of energy at the aWn surface, we have 

{McJ --\l^ (24) 

where M is the molecular weight of air, R is the universal &&<i constant 
odd L ie the tenpereture Of the well, Eliminating C w between these 
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Tha'ffioafpsflaWfltiaSflflflB.iB that in union??--- ie ignorfld canpared to 
'unity. If Rafter nakins that assumption^ the rate of heat transfer is 

found tc be anally then aince taking the additional tern Into t-ccouct 
■i r makes ■ t t.-yet . siaa liar r thraeraiynamlo hosting can be- ignored. This ; 
: " aaauniptiofl haa^tbeiphyatual inserting that all ot-tae energy of the on* 

oominR moleculeo'ia-left'lti the a&a.- Converting to gfiJ-;> ; «9 have the 
! heat tranefer'intQ'unit'afee in unit time, ■;.:;' ■■■ ; - 

: "? ^"V^i "" J '■'*' ( * j 

The following table gives values orthe heat tronsfaf -at.aeveral alti- 
tudes and at orbital speeds, 'j. is 0.1 radians, J la 7/8 ft. Lbs. par 



ALTITODE 


DBEIH 


SPEED 


BBJ IMS 


alee 


Slugs/nil. ft 


F,?,S, 


W per aq 





2.4J10 3 


25,9<« 


3U0 


100 


1.07xi5 10 


25,600 


1H0 1 


200 


1.7I10 13 


25,300 


3U0 ( 


300 


1.3»M 16 . 


25,000 


WO 7 


400 


6.1I10 1 ' 


24,700 


6,10 W 



It is obvious that tremendoua eheafcaa in heat transfer rata talce pla 
as altitude ia changed. In artier to get a Scale with which to determine 
the importance of the aerodynajaic heating, ne oeloulato the radiation 
output of the seme unit akin area that «ea oooaidarod above. This is 

* * 

... Strictly »Pmrmftj2$l fr not T|M at nsB 1„„i. 
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which has a magnitude of 2 t 15 BTO pe H so. ft. per second. It cen bt 
Bern that the radiating power is extremely law;a oonpeBad b the rate 
of heat input, so Ions as the altitude is not below 200 raiiee. It seen 
justKiifd, then, to naglect the aerodynamic heating for the oeaes of 
the oruisiiiR altitudes. 

At the lower altitudes, fthere aerodycanic heating is important, 
aore detailed eipraBslo&fl for aerodynaraia Seating ais sellable, and 
thaao are discussed in .other portions of this report. 

It *ss assumed in these calculations, that day end night for the :■ 



prejeoted area to the sun it oil times when it la in the smiiicht, a. 
gain cf 30 F. in mean tanpersture ens ha had. Second, reducing tha 
omissivitv will proportionately reduce the naiTiiitude of t«perHura 
fluctuations, although the mm tftifl^-'flture will b<3 unchained, Third, 
surfaces of different voluea of amissi-vlty (lower, oncy from the aim) 
will rise the mean teaporaturo. Fourth, changing tha pla.ia of flight 
to ( one including the earth's axis onfl at the same time pei jefidioular to 
the an Et &j,l tinea and raisa the nesn temperature to 70V 



— y~a»g»w imii w m i 
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PROBLEMS AFTSR OHBIT 13 ESTABLISHED - (Cont'd) 

Aerodynamic Control while on Orbit . - The usa of aerodynamic control I 
is dependent on the ability to develop stagnation pressures (or indicated I 
airspeed) of reasonably large order of magnitude. The stagnation pressure! 
ill 1 turn, dreads qq the atmospheric density «nd the vshiole spaed. In 
the present Case, the Orbital speeds are high, but at the desirable 
cruising altitudes the densities are eitrsmsiy low. This follows direct 
ly fro£ ths fact that the densities must be kept Ion so that the drop 
per revolution is also low, The following teble gives velues of the 
indicated speed, V, , for several altitudes, where 

end where tha stagnation pressure q, is 

q • (1/21PV 2 » (1/Jlp^ 



Bar. P o i 


standard sa 


level density, 




.mracE 


SPS2D 


DMSITY 


IilDIMffiD sm> 


Miles 


f.f.8. 


SliHjs/mi.ft. 


f.p.s. 





25,900 


2.ttl5^ 


25,900 


100 


25,600 


1.07I10 10 


5 


200 


25,300 


1.7I10 13 


0.2 


300 


25,000 


i.3xi6 16 


0.006 


«o 


24,700 


UxlO W 


■O.00O4 


:' How tha foroa per 


unit area which 


en be developed 
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•! 


•:■; w.! ■'■ .: it loO riles 'altltuue ! ; f/S,J.S'et>out._.025 .ll.,;Bnd for m area ofj 


'8 


''■■■::.' 50 sq.ft. Vforce of ^&$i6»; v «ould be developed,: 1ftus,'.'sinGe tliav 


j 


' *' '■ weight of -the 'vehicle layabout 1000 tinea this force, we see that it 'ie ■ 




hooaleaa to cbtein'eocelerations or balancing of Height momenta through 




-■• ■■■ ■ erodyMiioMer».^theonlj;useof.such controls at high altitude Mild 


■f'£ 


'/ "- • be to 'balance- other eerodynaifllc foreea or raoaeata which, of course, wouM 




■ ,■ be of equally' sasl^megnltude. " -*■ 




'•■''-' ."Another taotoriofiiujortaacB is that the lift ores ratios at high 




-■ ■ - altitudes are lh the order.of;ons. ."» avoid losing altitude nhile ma- 




' '-■ ■ euvaring It wouldsbeinecesaary' to -counteract the irag.by thrust - the 


! i 


" ■ thrust belESOf.siM'nagnituda^s the lift. It la obviously laore j' 


-_1 


economical to U3e'' the thrust force for.liftlag to begin with, and to 




dispense with the aerodynamio control. 1 
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Attitude Control by Recoil - After the rocket fuel is exhausted the 
jet rudders become inoperative and other seans /nast be adopted to control 
the attitude of the missile on its orbit. In the extremal/ rarefied air 
of the ionosphere it may seem unnecessary to head the missile in the 
direction of its path because drag is negligible. However, if a definite 
orientation of the miaaile is desired, be it for purposes of orienting 
missile-bome inatrunEuts, of regulating temperature aboard or of Riding 
the missile on a descent into the lower atmosphere towards a alow-down 
and eTentual landing, then «ana to turn the missile deliberately mist 
be provided. Two such -means have been proposed - via, (1} missile-borne, 
flywheels which when impelled soil kipart an equal and opposite angular 
momentum to the missile and (2) small torque- rockets. 

The feasibility of aocomiiBdating adequate flywheels in the satellite 
missile can be gleaned from the following study. Either in the instru- 
mentation head or in the ring space around the thrust nossle there ap- 
pears to be room to accommodate three flywheels; one each for pitch, yaa 
and roll. The projectile weighing about 1000 lbs. empty is estimated to 
have a radius of gyration of 3 ft. An 8" diaraeter flywheel weighing 
about 2 lbs. would have to be rotated 50,000 Usee as anch and as fast 

■as the missile is to be turned in the opposite direction by reaction, 
provided no extraneous moment-si interfere. Spinning this flywheel at 

. 2500 RPH would turn the projectile end for end in ten minutes. The 
power necessary to attain this speed in say 20 seconds, and to keep it 
running would be less than 1/50 HP. The braking could be done by friction, 
Legs power would be required if more time is allowed or if the flywheel 
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ii?3.-: t/ .ActiialXji, there > dioald bs.no pressing need for high rates of tilting 

'" .the projectile,. -Kuch smaller rates should suffice for casual corrections. 

,' - The average rate of rotation necessary to maintain the heading aligned ' 

.with .the path is one.'rovolution in 95 minutes, about 1/5 ^ w»t tha ■ 

control device anvisaged above could cope with. However, there is no' 

i.i reason why the, orbital angular momentum should not be already imparted 

'-■by jet rudder action during the last phase of the powered ascent before 

: entryinto. the orbit, :.-,., 

■'" ■ ,:. As to -roll control, the leaser .raoaent of inertia of the vehicle in 

i- roll . probably..adndts of sMlar attitude control with a sinaUer flywheel 

.■ . device than pitch and yaw control. 

It nauM thus appear that a flywheel type of machine to influence 
the attitude of the satellite projectile in the absence of extraneous 
moments poses no serious problem froni the viewpoints of bulk, weight, 
and po»er involved nor is the apparatus complicated or delicate* 

Problems however, renain to be solved, to be sure. The precision 
with which orientation of the missile will have to be predicted or com- 
.Handed retains to be determined and the methods by which the attitude 
of the projectile with respect to its path over the earth can be tale- 
nstered deserve serious study. Even though the air density at the 
orbit altitude is very small, aerodynamic disturbances may yet be com- 
mensurable with the control moments considered. If such aerodynazdc 
momenta are pre$ent for a large part of the time then their continued 
counteraction .«;/ entail the accurailoUon of lar-je flywheel mo^ntuin. 
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It would be possible to allow men larger meri«fn flywheel speeds than 
the 2500 RPV previously mentioned. Limitatlona are drawn by technical 
considerations of permissible fljjginesar, because the larger a flywheel 
of a chosen weight, w, is made the longer it can absorb a ,?ivea torque 
before rupturing its rk. The time in&egral of the reaction mcmant 
that can be put into the flywheel is fv-. dt " wi/<u ' w , ' r L/g where 
w- and r are weight and radius of the rim while L is the breaking length 
of the material and « the angular velocity eventually acquired;by the 
flywheel. Assuming that the largest diameter flywheel of which a pair 
could perhaps he accommodated in the satellite missile is 2r - V*. 
and that the rim is made of steal having a breaking length of 67,000', 
then the product .of reaction moment in fU-lb. by the tks in seconds 
that can be derived from each pound of rim wai^ht is 60 ft, -sec, before ■ 
the wheel would fly apart at 9600 fiPli. Some factor of safety would 
have to be provided. For instance, a well-proportioned flywheel of 
2 ft. diameter weighing 20 lbs. which would be allowed to attain 10,000 
RPK Mould cope with a systematic average aerodynamic moment of 1/100 
ft. -lb, for 10 orbit periods in its plana, This amounts to 2 lbs, of 
wheel weight investment car orbit. 

Khile rotors are spinning there will be gyroscopic cross Influences 
which aay require mutual corrective devices but they are not accumula- 
tinp over juore than half a satellite period. 

The second proposal of attitude control by reaction envisages asa&H 
gas exhaust recoil #W3. Six or eight such devices arrayed to emit 
jets tangentially to the skirt of the projectile can provide control 
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f 

of rotation in pitch, v yaw end roll, „' ^ _ v ■ ■w,-r'- y-'-'lh 

If the gun were mounted to fire radially at. a IflVerage/t from the f'. ;'■ 
center of gravity of the projectile of Traight W and radius of ,'gyration i? :.■ 
it would have to develop a recoil force of P = TTnl'i/30 g& in order f 
to accumulate a pitching rate of n iW in t seconds. Assuming A 4 | 
ft., Wi 2 /g = 300 slugs ft. 2 and n -1/20 as before, Ft = iTfS lb.-sec. fj 
In other vrarda, a recoil of about 6 ounces acting for one second or \ 
1/10 ounce acting for one minute mmld suffice to achieve the specified.- ■ 

■ effect.' The amount of 'gas. to he discharged at supersonic Velocities • $ 

h "-■■•!» ■ a 
under some pressure 'wuld 'be of the order of IflO oz.. "each" time such I 

control is given. Such-, gaa : coidd' be branched off. f rain; air ati/stinfi: ni- §. 

trogen pressure system or from an alcohol oxygen burner or even an I 

oxygen vaporiser. ■ , . ■ < ' ■' ■ ' ; ■ 

Again the question of how much aerodynamic pitching moment the 

control ie3v have to cope with remains to be investigated. If again 

1/100 ft, 4b. average torque were to be generated continuously, then 

only l/i lbs. of gas per circuit of urbit would have to be expended. 

On the first glance this looks about ? times as favorable as the flywheels, 

but considering that momentum is no longer conserved for Moment reversals 

the two schemes appear essentially on a par as far as weight investment 

is concerned. Other means may be considered for creating erecting 

moments or for keeping the disturbing teents small. One of the meat 

drastic ones would be to house the real "payload" Instruments in a 

spherical, shell and expel it from the satellite vehicle after it is 

established in the orbit. 
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U. PROBLEMS AFTER ORBIT IS ESTABLISHED. - (Cont'd) 


Loas la Hai^ht Due to Resiatance while on Orbit, - Preliminary 


calculations on the loea' of altitude as time goes on showed that et altitud- 


es of Bbout 100 milaa only aranll rates of drop would be. encountered. 


Such calculations were baaed on the following formula, obtained by small 


perterbations from the basic aquations of notion. 


r BirT i 


M la ttia loas in altitude per revolution, 8 is the orbital radius, jj 


is the drag, and Wthe weight* .For e hasty estimate of draR one is tempted 


Hare n Is the tjach tMber, p the sir density, V the apead of tha vehicle, 


and A its frontal area, To arrive at e aagnitutie for p, we assume aa. 


isothBPMl ataosphare. Front tha condition for equilibrium of the atmoa- 


phere, we have 


dp = -p g dh 


where p is the pressure, aod h the altitude, From the gas law, we have 


dp - dp g RT 


where R is the gas constant. 


Combining thasa two equations to eliminate the pressure yields 


d£ dh 

'P 3 " R T 


Integration then leads to 


108 P - - f T + ™ rt - 

6 


Hie constant can bo evaluated b;' saying p - p Q wheo b * o. 



Rioty/jU«s^__ ttA OoyGLAS,.AlRCFlAFT„CqMPANY 1 INC.* won, }® :_ 

jfay s. 19A6 Sjam.gi a oA" ' ' bamt ■ « n? n. fmyi _;. . 

PRSTTHTiJttff ITCSTIW n* .^Tm.TTF vmTf!T« ; JdrosTMoSfclia?^ 



Then log £ : - log ? ■ - jpf 
8 

This cattle written 



, Suppose, aon, the following numerical values are assigned totae quantities 
h in this ralatlon. ■ ■ ■ '■ 

R" 4,000 x 5,280 ft. I 

. If =1150 lbs, 
. A»8.?aq. ft. 

V * 26,000 ft, per aecond , ' 

, M « v/JigflT'= 26,000/J 1.4 x 53.3 s 500 1 32 = 2i : 
p o = .002378 slugs/on, ft, 
h = 100 milaa = 526000 ft* 
1 = 500° H, 
The density .can easily ha computed to be .48 x Kf 11 slugs par cu. ft., 
and the dreg is .00059 lb. The drop jar revolution is than found to be 
135 ft. Doubling the altitude, meting it 200 miles, nould nave tha etfaet 
or squaring the value of p/p , and finally changing (& to about 10 feet 
per revolution. 

Thaae results would Been to indicate that the loss in altitude ms 
sufficiantly small at altitudea wall above 100 milaa-. . In the first 
place, due to the extremely low Raycoid'a aumbera enoountered at high 
altitudes, the drap must be evaluated by unconventional methods. Second- 
ly, tha aaaumption of an isothermal'.; atmosphere can carry with it large 
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For these reesoaa, a more comprehensive study was undertaken. 


a re- evaluation of the dra? coefficients, besert on the principles of the 


Kinetic theory of geses ms tusde end Is presented in Appendix B. The 


revised drBg coefficients were found to be considerably higher* This 


increase is seen to be reesonotiie when the known variations with Reynolds 


number are token into eccount. In addition, s search of the literature 


whs made in order to strive at better esthetes of the density of the 


atmosphere. The results of this study ere presented in Appendix A. The 


following table sums up the corrections to the above method which cen be 


made. 






Altitude, miles. 





■100 


200 


300 


WO 


Temperature, deg. 
Rankine 


519 


906 


1670 


774 


671 


11, viscosity, lb, sec,/ 
so., ft, 


1.7H0 7 


5.5xio 7 


8.3x10' 


i.Sxlo' 


4.4xl0 7 


P, density, lb, sec./ 












n? 


a.iiio 3 


1.07X10 10 


1.7X10 13 


1.3xl6 16 


6. M0 19 


7, orbital speed, 
fps 


25,900 


25,600 


25,300 


25,000 


24,700 


V , vYp/p^, lndiceted 
epeedifpa 


25,900 


5 


0.2 


0.006 


.0004 


i? R , Reynolds no. 


2xl0 5 


6x1s 1 


oxlO 2 


8xl0 ! 


4xl0 7 


3, tiach no. 


23.2 


r.5 


12.7 


15.7 


14.5 


(L, drag coefficient 


.2 


1.0 


2.0 


2.0 


2.0 


Dra?, lbs. 


3ll0 6 


6x1c 1 


2xl0 3 


2xl0 6 


lxlO 8 


4R, drop per rev., ft 


7*10 U 


Ixio 5 


5xl0 2 


5X10 1 ■ 


2xl0 3 


Appro*, time to drop 
to earth 





1 hr. 


3 «eeks 


23 yrs. 


10 centuries 


Approx. renja before 
dropping to eortb, f.i 


. 


1.75xl0 4 


S.7X10 6 


3.A3I10 5 


1.41x10 


Cycles before dropping 

to eertH 


6.9 


3330 


1.28x10" 


j.37xl0' 


Time to crop to earth 
if (i li, in error by . 
a factor of icoo 1 





.;,r 


J.; j™ 


lyr. 



The viscosity detawBrfli^H^dv.-ai'^niJtims^f.teipe'Mtu^),' from'. 
■ Hc'iiflW/ Heat 1 Etytio^ p. .411, 5 flEd,Durand, -Aercdynaaio , 

' Theory,*' Vol. 6,''^227* %iW ihaaV'dataY'it ! ie found'thaHffils grossly -, 
different "than *as calculated, by; the. t Irat , erroneous ,' eat of assumptions . 
;The primary^use^ofi^h'ejlargei difference between tha^no calculaticns 
Is the difference b'etfieari tie' 'ifsotlismal and the actual atmosphere. Tie ' 
large temperatures Misting at great altitudes causes the density to'drop ' 
off, much more slowly; then* tculd-iiave bean predicted by using loner tenip- 

o tr >f .. _ ; , .. u . \i 

eratures.' Tha "iffillbwlng'table^for'fexBBiple. shows the actual" end isotnecaal 

J -v. . "_ r "$&;,;.' tfii'*. it,*- ; ■ .' .- ■ .\v "! 

(500 P.) values.. . ^ v 

...-., iOEIIDDB-j _ , ,_ ijif5<X) R) p(ACTOAL)' ij' 

loo ni. ■ i'.'s'xiQ 12 1-.07 i 10 10 

200 mi. ., 2.3 ?10 25 . . 1.7 xlO 1 . 3 

These differences era the direct, result of the type of temperature varia- 
tion assumed in each case. It will be noticed that the revised values 
shown in the table indicate that a vehicle starting in en orbit at qc 
■altitude of 200 Giles would remain aloft about 3 weeks* However, when 
the accuracies of tho % assumption underlying these calculations ere examined 
critically, particularly the values of density in the upper atnosphere, 
it is found that the duration figures may yet be. in error by e faster of 
10(30. Fop this reasofl an additional Una is included la the table showing 
the lower limit believed possible for the duration. Confronted by our ; ' 
present state of ignorance, one sen only conclude that the minimun initial 
altitude for a satellite should ba 200 miles while the recommended altitude 
would be between 300 and 40Q miles. 
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An important ultimate goal fop any vehicle must be. that of carry- 
ing human beings with safety. Oca obstacle which seems to stead in 
the way in the present case is the great energy stored la the vehicle, 
a part of which serves to heat the vehicle on descending into the 
lower atmosphere. The study which follows is an attempt to show the 
feasibility of lowering the craft without destroying it by fire, so 
that a safe landing can be mde on the surface of the earth. 

Landing introduces primarily a problem of dissipation of the 
tremendous pwgy stores in the vehicle by virtue of its speed. If 
all of this energy, for example, were to be converted to sensible 
heat of the vehicle, the temperature would be increased by 
15-2 



iT * vehicle weight, lbs, 

g ■ acceleration of gravity, ft. /sec. /sec. 

V = vehicle speed, ft. /sec. 

c - specific heat of vehicle, BTU/lb./ ?. 

J - 7?8 ft, lba./ETU 
ihooslng g . 32.2, V - 26,000, e " .12, leads to AT ° 112,000 °F. . 
!he tise required to radiate all this energy into space can be est; 
latad as follows; 

1**2 



d f Stefan-UoltZittann constar 
£ * efniesivity 
T * vehicle temperature, li. 
A » vehicle surface area, s< 



choosing e <= ,173 1 10 , £ - 1.0, sad .->. ■ 95, 'S » 1150, le*o 
At / ■ ,9W x 10 A , If the vehicle is allowed to raaiato at 
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100%, then % hours' would be-raanired'tor a" 

: L -.'/-C- ■-'■' '■ ■'..' £ 

the Eflceasaryvrennvel of heat energy* Tlie. burning of meteors .as- 

they eater, the.eartn'fl atmosphere is a atri&ing example of the type ■>' 

of pWoaenon' uhich night be expected. ' -■ 

Actually the dissipation '.tlaes will.be only a small fraction 
or that- computed above because a large portion of this energy is '' 
left behind the vehicle in She form of heat ia the wake* 3ae re- 
mainder ia radiates from the surface, la stored in the vehicle as j. 
heat, or is retained ae kinetic energy to be dissipated during the '. 
landing run on the ground, lie deal 'bare only with that energy [' 
Hhlch is fed into sits isliiela as beat, end which, must be -radiated * 
back into apace. ' 

fhe solution to the problem wist ooqe fron a method of con- . 
trolling the trajectory during the landing glide so that tht haat 
input can be dissipated at a temperature sufficiently loyi to pre- 
vent damage to the'vehicle. Such control of the glide path must 
be accomplished by aerodynamical means, implying that lifting 
surfaces must be provided- to prevent the vehicle frou entering the 
denser region of the atiaoephere too rapidly, lae trajectory will 
now be investigated by studying the heat fiw balance- 

■Uta heat input from the boundary layer of a cone ia 



h^\-v 
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wberet 

3 
E 


heat energy, SW 

time, esq. 

surface area, sq.ft. 

beat transfer coefficient, SwA.M.ft,/ 




T 6 


boundary layer temperature 
vehicle surface temperature 




3ne heat transfer coefficient lias beer. Eton to be 




H 


■m)^)')^ 


U) 


in which 






X 


heat conductivity of air at tfca tesperature T™ , 




OT/sec/ft/V 




' I 


cone length, ft. 




T 


velocity of vebiele , ft/sac. 




1) 


v/p 




» 


vlscoalty of air at temperature £_,, lb.se 


c/sq.ft. 


P 


density of air at temperature %. , slugs/c 


u.ft. 


P 


total cone angle, rad. 




2aa ftork which followa will be much simplified by tea arbitrary 


assumption 


that tfca exponent of the Reynolds number be 


dflanged from 


0.8 to 1.0 


(4) then beconea . 






S- .022;^- e p^Ar 


(5) 


where: 


P 




°P 


specific heat of air at constant cres&ra 


3ID/lb/°f. 
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The effect of the sun is not important here, as is shown by eh 
parlaon to tae flight of mteoxs, which become very hot only c 



(10) 



H: ■* ^.> f .^^.BP^P^^SJi-^Bj tlie. xaoiprapal of the jPracdtl number, and I' . 
■Is approximately constant. ' Saing 0.7 for cji/x, 0.24 for , and < f ''. I 
■ ,2 f«6, vie find . " <■'■ : 

H * .0045 pT (6); 

(6) can now te combined with (3}, yielding ' J 

!..:,■:.=,,:.; ..;•■;.-. f" '^.pVS^-y • {7}^ 

■■:& liow'it;ifl-well-knoH}iHbat'tflfl stagnation- temperature isolated to 
f ,'. the Ha<jh: number b^the' wlatipn - ■ -- --'' ""'''-"' i 

Here we use T. for the ambient air temperature- Experience based 
on German wind tunnel results has B'tma. that the boundary layer 
temperature is somewhat less than the stagnation temperature, so wa 

Mils relation, combined with (7) gives the final expression for the 
rate of heat input. 
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Chapter 12 
For the heat output, wa hava the familiar radiation equation, 

n' iaS! > (u) 



" emisaivity 
i - Stefan-BoltzE 



a constant 



Hot we shall define a special trajectory of descent, one in 
which a constant tanperatura of the Vehicle is saintainel. That 
assuiaption implies, as is shorn by reference to equation {11), that 
a flied rate of heat transfer Is characteristic of this trajectory. 
Ihis fixed rate of heat output met be matched by an equal heat in- 
put by proper choice of speed at each' altitude in order that the 
skin temperature not c^oge, %$ analytical expression of this 
trajectory is obtained by equating (10) end fll) 

.0045 pT i\ * -l8S^ h - y *t rf $ 4 (12) 

?or any giver, temperature of the vehicle, {12) defines a unique 
speed for each altitude. Cunea showing these glide paths for 
several vehicle temperatures are On figure 1, 

There are several important results to be obtained from figure 
1 . Pirat of all, since the contours of fixed skin temperature 
are eeseotlally horizontal, no se.-ious heating due to friction sill 
be encountered above the ?0 mile level, at least for epeeds in the 
general order of 25,000 feet per second. Second, at heights below 
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Chapter 13 

■70 miles, ttia temperature rises to very high values, unless the 
speed is reduced along »ith the reduction In altitude. To aalca a 
successful glide, therefore, it is necessary to ha able to control 
the spaed, life stall assume, then, that winge of small size will be 
used for spaed control luring descent , and. for ffitfcicg landings. 
It is important to notice at tale point that once sufficient lift 
Is provided to control the speed, the effect .of high drag is to ' 
reduce the time of descent. Arrangemunts with poor values of 
lift drag ratio are not, for that reason, out of order here. 

lie question arises gs to just what size sing Is required, 
lie answer to this question comes froa considering the vertical 
forces acting- If sings are used to slow down below orbital 
speeds, then a lift on the wings must be developed which is equal 
to the difference between weight and centrifugal force. 
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1 » lift 
3 " wing area 

R ° radius of orbit » earth's radius 
Vf * vehicle weight 
p « density of atmosphere 
V - vehicle spend 
0. " lift coefficient 
g » acceleration of gravity = }2 ft/se 
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!"■■ .".' ■• Bio parameter (LB cin readilyis ectsputacL now fop each of thq.tra- 


1' 


j '■ /' Rectories of figure i .;,2ie results of thees oaleulatlonfl are:.' 




' '. given in figure.^. Haxiswi values of C.S ae a function of ukta 


.3 


temperature are given in figure 3 ■♦, %e vehicle weight hb taken 





to be 300 lbs. f or tneeV calculations. 

An additional consideration which must be tai.sn Into account,' 
- ia the lauding speed. Haw C.S la a function of the desired land- 
ing speed according .to ■;.'.'.. 

■ ; r' : ">!" v ^ ■ ' ' l£.y. 

For a landing at sea level, the landing speeds correepondlng'to.-' ;t ; 
several values of S.S have 'been noted in figure 3* 

Inspection of figure 3 shows that wins areas compatible with' 
reasonable skin temperatures and modest landing speeds are possible 
of achievement. For example, a landing speed of 100 nph, a maii- 
mum temperature of 300°?., (existing for only a brief section of. 
the slide path) ara consistent with a wing area of 30 gq.fi. , 
(for 0. = 1.0) even if body lift is ignored. Ms corresponds to 
a 27 lb. «ing loading. 

It can bfl concluded as a result of this study that it appears 
possible to glide a spade Tehlcle' Ham to a landing on the earth's 
surface without destruction by fire or from crash landing. This 
gives rise to a hope of attempting space flights in ma carrying 
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Chapter J2 

The ascent to altituda differs from the descent la one import- 
ant way. The climb starts at zero velocity ao tUat the region of 
high densities is passed through before great speeds aro built up. 
In the descent on the other hand, the regions of high density and 
of high heat transfer coefficient are traveled at very high speed. 
Ibis fact mafcefl for staflll gains in temperature during the cllnib. 
For a skin thickness in tae'order of 0.1 inches, a temperature rise 
of less than one hundred degrees Fahrenheit has been computed. 
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13- DESCHPTIOH OF VEHICLE ,, : mJ.;,oi;.:. ;■, ■'.■ : ;,' .;^-,7^ §..■ 

A considerable anount of. study, has -tees deyoted'^the' design of- 1 : 
a practical eatelUte r yeMcle,,besed'Upon -the principles outlined in the. ■ 
preceding chapters. Two alternatives haw .been considered, one a four"; 
stage rocket fueled with alcohol,,, the. .other, a tn .stage :rockrt .fueled Ij 
?i'th hydrogen* Of these the foraar 1b .lighter, smaller . and : by far the f 
nore conservative in terms of research reqaireaente, safety, end certainty. 
It Bill be described in.-sona detail Mte^tagfi^.and.techjdc^/OHponents, 
Ifce hydrogen vehicle la a Bach more speculative project, dependent on }. 
. .uncertain outcome of more .siMtiaus.and dangerous reseaKh..pr.ojects, Its 
design aspects are" therefore traly- .briefly outlined in .the last. section I 
of the present chapter for eoapfirison, , /Ths .three pictures sho«n'st,the|- _ 
beginning of the present chapter till give an idea of that the, vehicles 
find their components are expected to look like. A rough might break- 
down of the t*o projects is presented in Chapter 7, 

Shape _. .and Dimensions . The shape sill he that of a typical pro- 
jectile, having a pointed nose and contoured sides which taper fron a 
Mriram width aft of the midsection to a minimi! width at the base 
which ia coepatihla with the motor exit diameter and epece requirements 
for jet-vane controls. The length will be of the order of 60 to 70 feet 
and diameter about 12 to U feet, giving a fineness ratio between ill 
and 6:1. Such a vehicle would have a density ratio, .029 pounds of 
loaded missile per cubic inch of volume, comparable to the German V-2 
ratio of approximately ,020. This indicates considerable progress 
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towards batter utilization of apace. 

Stages. The vehicle Kill be divided into four stages, the pri- 
mary or first stage being nicknamed "Grandma", the second stags "Mother", 
ths third stage "Daughter", and the final satellite vehicle "Baby". 
Baby will carry the payload and intelligence for all stages, in addition 
to it? 09D fuel, pumps, motor and guidance, and will comprise between 
1/5 and l/i of the length of the total vehicle. Daughter and Bother 
will each carry only fuel, pimps, motors, and controls, being guided by 
Baby, and will be about the sans .length as Baby. Grandma, rill comprise 
almost half the length of the total vehicle, and till also contain fuel, 
pimps, use-tor, and controls, being guided by Baby, 

Structure. Prom the standpoint of size and applied loads, this 
vehicle ia not out of proportion to present d&y large airplanes of 50,000 
lb. gross and over, so it is believed entirely feasible to use airplane 
type of construction consisting of reinforced sheet metal. The possi- 
bility of elevated temperatures existing on the surface sill probably 
eliminate the use of aluminum alloys for skin covering and require the 
use of high strength stainless steel. Hotor loade in eny stage nay be 
carried into the outer skin of that stage ^ a truncated cone diaphragn 
extending from the motor base to the outer akin. The thrust load of 
any stage can be transmitted into the next succeeding stage by pads on 
either the motor bese or cuter covering of the naxt stage. The base 
of Grandma mist be aaply reinforced to sithstand the deed might of the 
entire assembly when mounted vertically ready for launching. 



ishMJGOUGLAS AIRCRAFT COMPANY, INC. ** 2f&__ 

*• ' aaJMlMl lY DESIGK OF SATEL LITE -VHilCIjj bepoVno&^L. 



Although all flight loads era essentially directly along the aria ' 
of the vehicle, gobs reinforcing may ba required to account for handling 
loads while each unit ie in a horizontal position. 

T ankagB. In the event that the oxidizer tank does sot need to be ' 
insulated from the missile outer skin, the skin sill serve as both tank 
shell and nissile shell. If insulation becomes neeeesery, a double akin 
thickness mill be required, thereby increasing the length or diameter, 
or both, of the entire Tehicle. the front diaphraga of tee forward tank 
is each stage mist be reinforced to withstand internal pressures created 
by excess of vapor pressure over outside air pressure at higher altitudes, 
'.hen liquid oxygen is used is an oxidizer, soma fori of insulation will 
probably be required between the ttto tanks. This Bill require, a double 
diaphragm betmen the two tanks. All diaphragms can be of a miar-ellip" 
aoidal shape to more nearly approach the optinui might va. volume ratio 
under the existing hydrostatic head. 

fetor. The motors are designed for liquid oxygen and alcohol as 
the propellents with a mixture ratio of L5 (*t, of oxidizer/it, of fuel.) 
The motor of the fourth stage is patterned after the light weight type 
developed by the Jet Propulsion Laboratory of C.I.T. The motors of 
1st, 2nd, and 3rd stages are patterned after the German tbroatless toOtor 
Bhich was Intended for later use ill the V-2 and Waaaerfall. It consists 
primarily of the divergent section of the conventional sotor with a short 
combustion section the same size as the threat added to :he frynt. The 
injector is of completely iwb design Khich gave good cosbuor.ion very 
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close to the face of the injector. With hit a very small penalty in 
gas velocity this nan type of combustion chamber was adopted in the de- 
sign of the motors for Stages 1, 2 and }. 

All the motors are regeneratively cooled with the Alcohol being 
used as the cooling medium. The Alcohol is brought to the exit section 
of tha motor There it enters the cooling coils for circulation around 
the motor. The Alcohol is then directed to the injector head for in- 
jection into the combustion chanter. 

The nozzle expansion ratio-(-area of exit/area of throat) is 5-0 
for the first stage and 20 for all succeeding stages, The noaale is 
shaped like s bell jar for rapid expansion near the throat and wry 
little expansion near the exit. This will direct the jet flow straight 
to the rear sad will permit the location of the jet rudder control in- 
side the nosale exit, 

Fual^S ys teai , The fuel system is visioned as comprising a dual 
pump arrangement for delivering the fuel and oxidizer from the tanks to 
the motor through the necessary control and regulator valves. The fuel 
can be used eg coolant for the motor by passing through coils arranged 
either helically or radially around the motor- Under this arrangement, 
both fuel and oxidizer puips would be counted on a canton shaft and so 
designed that proper mixing ratios would be maintained at all operating 
speeds. The pump shaft aould be driven by a steam turbine. Past prac- 
tice has been to use the action of a catalyst on hydrogen peroxide to 
generate steam for the turbine. The hydrogen peroxide is delivered to 
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i,"tiie- steam pneratobby nitrogen. gas under high. pressure. '': ;i 

. . .In some case? it:might beneeeeaary to us* 1 multi-stage, pumps to 
^prevent; cavitation; but all pumps aunt be. designed for extreme light ', 
'weight by tee ass-'of hollotthlades and other devices. They oust also 
..operate close -to peak' efficiency at desip spaed and at low throttled :; 
speeds. , Tha design-of both turbine and pumps sill.be facilitated by 
,the short duration of-ran. .: , ■ :■:■ ■.■■■* 

Various oa-off valves, must be prodded to start each turbine pump '*. 
?:at '..the; propert time J,*and*soiM iseans. of throttling to;, prevent excessive : 
Avehicle acceleration ■.mustrba' incorporated. in tnaaa valves, .A control ; 
valve operated by the motor coolant mist be .included in the oxidizer 
'line to prevent ■ the oxidiser from prematurely reaching the motor end 
causing an explosion. 

plumbing to the motor must be provided with expansion joints to 
prevent .breakage of lines* 

Controls . The control system of the missile comprises attitude 
and thrust controls for each stage and a common regulator system which 
governs the controls from a Central brain station located in the final 
Baby unit. The attitude control is effected by a cruciform array of 
four vanes mounted on radial shafts near the rim of the motor no^le. 
They are tilted on radial shafts by servo motors so as to deflect the 
hot rocket gas jet. By symmetrical deflection pitching Or yawing re- 
action mv.*nts ere developed. To create a rolling moment a cyclic 
differential deflection is superimposed. Thrust is controlled by regu- 
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latin/; the fuel puapia* speed and warned by accsleroiacters. 

The iaaster radiator in t'w "brain station" conprisea an automtic 
pilot system based on a tri-axial reference gyroscope system and a 
tilting provraiB .jovurnor which is designed to follow a pre-set ascent 
trajectory calculated to enter.the orbit smoothly. A rariio altimeter 
as well as radio ?jide bean or resote comntand receivers are' installed 
in the "aby Missile. Their outputs are mixed with those of the auto- 
siatic regulator so as to pernit overriding the latter ami applying 
corrections for unforeseen disturbances. 

The Baby vehicle is further ■equipped »ith small reaction motors 
desx jr-d to exercise a moderate amount of control of orientation of 
the projectile when in tiie orbit. 

Telemetering and beacon equlprant v.ill wpicisnt the control 
syste.?. by saintainin* transmission of tracking and intelligence informa- 
tion to the ground director station. 

trie power plants to supply electric pov^r t* t:ie instrumentation, 
regulators, and servosystem; ata^e separation devices aM their controls; 
safety devices to interlock various functions; and appliances necessary 
for fueling, readying and testing before takeoff. 

payload and meant to house aost of the useful instMentition rmich is 
to be carried on the journey to secure information gathered there, The 
payload cone dimensions as now visuaiiaed are about 3 '*• dieter of 
the buked base, and 7 ft. liin-th. it houses about 20 eu. ft.; 500 lbs. 
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are slotted ,to its content as'payJ.oarf proper. Sims or the payioad I 
items .-nay optionally be, accosiaa<tated in the annular space around the 
thru3t'!notor of the Baby vehicle. 

Operation , The operational procedure- in launching a satellite 
.uisaile is visualized essentially in the following manner: All parts' '' 
of the vehicle after having been proof tested are brought to the 
launching site Tihere a bass sith a blast apron and suitable scaffold 
have been installed. Here the complete vehicle is assembled upon a 
launching stand by progressively hoisting the lesser stages on top of 
the larger 1 ones. All systems are checked as each staje is completed, 
tfexfc all containers are filled frota bottom to top and eventually topped- 
off, and the hoist moved away to clear. In the isgatiti/ie all ground 
observation stations 'are placed, i^nned and Darned. Actual firinj 
is triggered remotely fron a protected control station according to 
prearranged schedule. 

^j^ro-^en Altarnstive . the altem'Jve project of a hydrogen 
fueled vehicle as shown in an exploded view in the last of the three 
pictures heading the present chapter, 'would differ from the alcohol 
fjeled -/ersion in that it vjould be much larger, that it vjojW be a 
ty/o-sta^e affair and that elaborate -precautions a^inst the Jankers of 
hydrogen leakage and evaporation would have to he taken. This is 
indicated in the picture by shoeing a double './all around the liquid 
hydrogen tank, "'nether the o^on would eventually be carried above 
the hydrogen as shovfn or rather below it would have to be decided after 
research will have clarified the conflict between advantages and dis- 



oiv.JkJSS DOUGLAS AIRCRAFT COMPANY, INC. ..... 210 

MliM . . w.<^-:. PLi „ m , t , (1035 



ml. ESLHOT MTE 


1 S-E-4J 


i?.-::.:iL' 


„™ tl „s..'-!i.OT 








Chapter ' 13 


aa.aata.fas of 8 i 


,h;* 


tat tha =: 


™ wuld aarily affect the 


general apaearan 


e ;f the a 


teiled.^3 


gila. The operational problems 


of lt^iid hydra .< 


a del sai 


at fee fores 


een ae well as those of the al- 


cohol L.SL 












;„,, " ;V "" ■■ -■■ ' Chapter 1/r ■• 

■ M-' ^smm JS-.Qr- ! Aiiii2; rCAR?gffltt.^Hicts ^ ; ,. ; . . ; - .-.. , ,. . ! 

Throughout the present dgstf^t study of f a satellite vehicle, it lias J '* 
,:- -;been aesuniflfl that -It ;■ would bo used priMrlly aa an uninhabited scientific ' 
'■ -. '.laboratory. Later-davelopiiients could. alter its capabilities for use as , 
^ an -instrument of warfare, . , ......>■.. 

,; •; However^-lt Bust be confessed, that in the back of. many of the nirtda ; 
..■■of the men working.on thia study .there lingered the hops that, our impartial 
engineering analysis snuld bring forth a vehicle not unsuited'to hunaa ■. 



■.a .■It was of course realiaed..tiiat 500 lbs. and 20 ■.cubic feat were in- 
sufficient allotment for, a mnvaio sea to spend rainy days in the vehicle. 
Hewer, those values sera sufficient to give asaurance that livable 
accosn'otetioa could , be provided on sone future vehicle. 

The first question to be considered in determining the possibility 
Of building 6 man carrying vehicle is whether prohibitively high accelera- 
tions can be avoided during the ascent. The V-2 gave "hope that thia sas 
possible. Our own studies have likeuise shown that the optimal accelera- 
tions do not eicsed about 6.5g< A man' can withstand such acceleration 
for the parioda of time involved (several nlnutos) if ha ia properly 
supported with his trunk lying norwl to the direction of the accelera- 
tion. In Chapter. 8, it will be re«bored, the analysis showed that the 
performance could be inproved a roll amount by throttling each rocket 
motor during the latter portion of its burning period in order to reduce 
the structural leads. Under theBO conditions, the iiaxii!iui!i accelerations 
could be profitably reduced to about 4 g. All these findings confirm 
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that ascent offers do insurnountablo obstacle to t 
Inhabited satellite vehicle. 

fiert w consider the safety and welfare of the ra&n after the vehicle 
has been established on the orbit. Popular fiction writers have devoted 
considerable thought and ingenuity to ^oans of furnishing him with air, 
food and nater. The moat ingenious of -these solutions is that of the 
balanced vivsriura in whlci plants ecd :sa completely supply each others 
needs. Leaving these problocs to the Centers, we ask ourselves the 
engineering questions cf whether *.e «.s provide livaUrtempei'atures ani 
e reasonable protection a^inrt S6',wrs. In Chaptor 11 wo have seen. that 
the ensnare are teriatfcsfy in the affirmative. 

Lastly we consider tte problem of safely returning the vehicle's 
inhabitant to the surface of the earth. In Shepter 12, we hsve seen that, 
with reasonable sn-s Kings, «e can control tho descent sufficiently to 
avoid dangerously high temperatures* These sane wings are adequate to 
accomplish the final lending on the earth's Buriece., 

The above thoughts are far fw, final answers on this problem. 
However, they go give 8 note of assurance that the hope of £ 
satellite is not futile. 
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Chapter l£ 

. 15- i M&TI<Bf Og TM AllD COai? Of PROJECT 
.■ , .. , ■Eatlaat^pf Tljaa .Reffllrfld for Fro Jen - ae progress of the pre- 
liminary design, study presented in tills report has' indicated it ia 
. i _ estrentely important that at least sir months additional research and 
. prelininary design work be done on this project before any definite 
,_ . design, and building program be established. It ia possible by doing 
this that a. three to five year program could be planned miiioh would 
take into consideration the technological advances expected during ■ 
. this period ao that obsolescence would not overtake the development. 

^, lite above statement and those which follow In the aections on 
j IVogran and Costa are based on the requirements for the alcohol- 
oxygen rocket units, and not on the hydrogen-oxygen altercate. Esti- 
mates on the hydrogen-oxygen units are virtually iBpoaalble at tills 
tine due to the unknown factors in the use of liquid hydrogen. 
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Prop-am of Building and Testing . In view of the complexity of 
the job and the increase of its magnitude with the transition to larger 
launching stages, which for brevity's sake will be referred to as Baby, 
Daughter, Mother and Grandmother, it will bo desirable not to tacklo 
all stages at once but rather to progrs-aa from the smaller to the large: 
in sequence in order to reap the full benefit of experience gained as 
the Job ooves along, At present the extrapolation from prototype to 
impreeedently large mother stages can, by the vary nature of such a pro- 
cess, only be delicate and groping, The actual size of the real article 
sensitively depends on relatively small changes in technological assump- 
tions. This apparent uncertainty will disappear as successive tests of 
the leaser stage units aill supply the information upon Raich the design 
of the larger ones can be solidly based. The smallest baby and daughter 
stages however are of conventional dimensions sell within existing prae* 
tloe and experience, so their design can sell be immediately begun to- 
gether in order to accelerate solution of the blrtb-aloft problem which 
is the most drastic innovation over the existing practices. The manu- 
facturing program will be overlapping aa dictated by the testing program. 
It is anticipated that more of the smaller stage units will be built 
than of the larger; and that the stages will be tested individually and 
also in combination. Flight testing of any torso part of the entire 
4 stage aggregate requires some provision of fairing, otherwise the high 
air resistance in the lower atmosphere 1b likely to seriously impair the 
behavior of the missile. This difficulty is proposed to be overcome by 






.--firing the smaller .stage units. with faired after bodies and .the larger stage 
units Kith dimy heads* Ac estimate of the mmber of units to be built ' 
and the various combinations of the four stages proposed to be tested Is' 
ventured in the following tables in which capital letters inlieattf "live" 
■ propelled speciiwns, small letters , uncovered dunny specimens. 
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A dimmy specifflen of each may haw to be devoted to static testa. 
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The OB and HDb and especially the 1SB 'testa will offer opportunities of 
carrying telemetering instrumentation aloft which should furnish some 
of the data needed in ■ the final phase of the project. Incidentally, the 



weapon. The last item of the list, GUDB represents the firing of the final 
article from an equatorial location into the orbit. Ill preceding teats 
except perhaps MDB are 'expected to be aade on domestic proving grounds 
with suitably expanded range facilities. The magnitude of this construc- 
tion and test program is of the order of about 10O VZ's, on the basis of 
corresponding gross iwight. 



■,jLa. KjMgBur Douglas Aircraft company, inc. 

PRELIM IKAlK DESIGN OF SATELLITE VEHICLE 



FaoU lt le s^ rga.ui.rgd . This program Is much more 1b the nature of 
an experimental enterprise than a production job. It is therefore im- 
perative that Development, Design, Frocuretaent, Logistics, and Testing 
be closely coordinated so as to forn a continuous loop. 

The engineering staff mill coaprise a large part of the personnel 
engaged in the project. It sill consist of aircraft and rocket poser 
plant engineers, instrument and automatic control experts, and specialists 
in the sciences and arts of radio, radar, telemetry, trajectory survey, 
artillery and flight testing. 

The nianufaeturing facilities required fill be in the nature of the 
experimental shop of a large aircraft factory. As there will be little 
need for quantity production methods, tooling may be best devised by jig- 
, ging and in seny respects by ijnproyisation and adaptation. Provision for 
static tests of the structures and best provided at the lamifacturing t 
plant} static firing test facilities for the rocket engines in existence 
and under construction will suffice to take care of baby, daughter and 
mother stages. A suitable test stand to run. the grandmother aotor would 
still have to be created. The mother and grandmother units are probably 
too big to be transported to the flight test site in assembled condition. 
Provisions for part assembly shipment and reassembly at the test site 
will have to be made for then. This will comprise elaborate cranes, and 
scaffold there. 

The operation of the baby and daughter can presumably be handled at 
an existing ordnance test range such as ifhite Sands, S.H. with facilities 
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now available there. Apparatua necessary to handle the mother stage 
uhich Is about as big aa two V2'fl can undoubtedly be developed In stride'.. 
Rbaii it conee to Grandmother jhich are of the order of 10 V2' s each as far as 
weight and fuel is concerned, a new problem ■will arice and the question of 
whether this phase of the prograi ahcrald be considered et an inland firing 
range or located elsewhere, be it at the seashore or at the 'equatorial or- 
bit .etnpl&ceaeat site raflains to be investigated. 

Shop and field facilities for local erection, eiisenbly, fueling, equip- 
aent testing, and observation may hava to be largely duplicated at the I 
equatorial site. The delivery end storage of fuel and liquid oxygen at , 
the equatorial eite may becoiEa sizable enterprise. It nay wind up with , 
the establishment of a local osjgsn liquefaction plant either land baaed 
at the site or shipborne on one of the vessels »hich Till have to be as- 
signed to the entire project. 

Since the experimental orbit missile emplacement will have to be chosen 
within 1 or 2 degrees of latitude, only the following locations are geo- 
graphically eligible! Ecuador, O. Coast of Brazil around the Amazon 
delta, French African Congo Coast; Kenya Colony in Central East Africa; 
Straight Settlements and Singapore, Borneo, Celebes, end finally any of 
the numerous equatorial Pacific islands between HaLnahera and Holland or 
Baker. Of these Ecuador and Kenya offer possibilities of accessible noun- 
tain sites. Politically, however, it would be preferable to stay in 
American controlled territory. For reasons of radio altimetry a site 
near an East coast la desirable. Islands for several hundred miles east 



J22H2- r Douglas Airowft company, inc. ««— 2if 

ila; 3, 19<6 ___am/U8Bl£A __punt m — B22 — 

ff»l.Ta p;i»v nam OF S«tUTO VEHICLE R<mi»o§tiiEL 





Chapter _!2__ 


of the emplacement site are desirable as fixed observation stations. fe(t 


of ttese considerations point to the archipelago north of New Guinea as 


the logical region in which to look for islands on ihich utilizable m 


installations may be available. 


Adequate living facilities for the staffs 


and crews will have to be found 


or crovided at the emplacement site. Rapid 


communication and transportation 


facilities between the site and the project 


headquarters sill be a necessity. For the orbital obaemtion and talfl- 


aietering bods 20 to 50 atationB may have to be installed or positioned is 


a belt around the equator, across 


-the Pacific Ocean, icuedor, Brasil, At- 


lsntic Ocean, French Congo, Keny 


a, Indian Ocean and S-alaja. All these sta- 


tiona niay hm to be linked with each other and/or a central director sta- 


tion by a rapid communication 


ystsra if continuous tracking and telemeter- 


ing of the satellite missile is 


to be maintained, end particularly if its 


return to earth is to be guided 
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Estimate of Coat - in order to obtain an estimate of the coat 




of th 


19 project, the following aasuflptlons were cade: 
a) All developent, engineering, and fabrication on 





the basic vehicle in quantities outlined in the 
section Program for Building and Testing, esti- 
mated ia accordance sith standard practices In 
the aircraft industry ?5Q. 000,0 

(b) All development, engineering, and construction 
on the Miming Hans, arbitrarily assuaiag 
to be equal to- the work done under {s} above-' 
jojjer plant, oropellant puaps, turbmos, 

controls 50,000,0 

(c) All develops engineering, and. construction 
on the following itema; lfistrwrotatiin (pay- 
load), eatabllshmant of special launching facil- 
ities, transportation and analysis of test data 

assumed to coat ,.,.,,,,, 50,000,0 

Total Cost of Project JflSQ.OOQ.C 

It should be emphasized that this estimate is very rough, was 
hurriedly prepared and is without becefit of any experience or act- 
uarial records la this new field. It is possible that qus to the 
large voluae of fuel tallies In this vehicle us compared to standard 
■ aircraft, this cost estimate is conservative; however, the unknown 
difficulties which arise in any flew field of endeavor would indicate 
the aeed of a conservative estimate. One of the important pluses Of 
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Kapler 15, 



the proposed preliminary desip phase of the prosrcr, should he use 
to further investigate Oeraan cost records in the development of t 
7-2 as a basis for determining costs on this project. 
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At present sii'f Xidiepi? background f &tfst9. to allow preliMo^'desi^fe 

' " " "studies to"'be?in"v!hea9wr, avdecftloa ^proceed- ibrsached^Hoiravef, .aVjy 

vigorous research' program miat'al'ao be-fstarted. ationca becsuiss-jnany data | : ' 

have to be established and estimates 'verified or'kproved border to ;% 

• avoid unnecessary sacrifices of performance, xThistfesaarch program say jj 

be divided into several branches of- science:"'"' '■■:"' -. te . ;:;■■ .\ 

Theory of Structural Sfllar/ftisent - The engineering. steps AShich lead| 

v •■ ■■..-. .'■'".■" * ■ . , $ 

from established prototype structures 'to greatly .enlarged units are based 
on certain reehanicsl concepts-'bf. .critical design 'requirements.: for various 
parts that perfom"3efihite-'funct , i , onai'--»HoweTer;i-no partjsaiv,j»- ideally' \ 
designed for just one function alone; tfiey overlap.. In order, 'to take ■ ,■ 
full advantage of past experience it Hill.be necessary w_ .undertake a ; 
careful analysis ar.d weight breakdown of sundry past and presently pro- * "' 
pressing hi^h aiUk-Je gr long range missile projects, in order to ascer- 
tain just ey^ctly to vihat specifications their essential parts are de- 
signed and A.^. Such analyses of larger units throw li#it on the da^ree 
to which concessions in shape, in margins of safety, in. allowances for 
technological and practical exigencies should fce raade. 

Structural Materials - It sae^is certain that extensive investigation 
of the properties of materials sill be required, especially the materials 
to be" used for the tank walls, lids, and bottoms. The possibility of 
using fabric bags deserves consideration. Suitable scaling and insulating 
materials cast be used which at the saose time prevent leakage of the 
fuel and liquid oxygen* 
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Chapter m I6 

Tanks - Siitos .well .iepsnds upon the wo^t efficiency of ti!-3 "iesijil 
of the larje fuel and oxj^en tank, a sorious investigation intc the Merits 
of competing tan!: designs is indicated. Since practical raanufacturir^, 
insulating, pluiabiiij and other technical considerations enter into the 
problem, research vdU have to go )wA in ivm -Ath design towards evolving 
the aosfc advantageous comoromisa betaean the various conflicting require- 
nentg. Special .sothods ray have to be developed to test specimen struc- 
tures unaer simlated acceleratioa loads. 

Siaqe Separation - Ileans to separate sjswthly the subsequent stage 
units when the booster unit fiiel is e^austed, «iH have to be developed 
on the basis of extensive research into the various techniques previously 
tried and proposed, or j&i to be evolved. These studies stay include ex- 
perimental work v.itli reduced and ftill size dusr^ missiles prior to appli- 
cation to the fiiil-flecL/rra test rounds, frobissis 0+ accurate tLning and 
of miniiiizin^ the pitch, •>%«, and roll disturbances of the boosted unit 
'411 have to be solved, Inter-sta-e conrai nidation of automatic regulation 
and coxiand signals and its harmless discontinuation upon stage separation 
will sisu require research, development a:.i! esperiiflentation. 

^e e U g n L As3eiTibiy v Lojigyics - The design oi 1 the iar^a sta^e parts 
of the vehicle will have to ?£et require Tie nts dictated by considerations 
of srecti;n and ';5se^l; procedures vA of shipment oi' parts and subas- 
semblies to test locations, An investigation into practical handling 
and operating procedures and into the logistics of the entire project . 
must therefore be completed before tise italasr and jrandflother can be 
completely designed, tfo radically ne, 1 ; erection .methods are believed 
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.naceasaryj those Hell daveloped In experimental aircraftuprockii^Uon '■' 
1 ^Duld' J S8'-freasonably''appHoabl9.^! $*.h%~ gi ;■' -v •' -',*# ■ '■ 

''"" fo^kat' Fuels -"ffle'TaasQiiB for choosing Liquid Qx&fta' and^Alcohol ,■ . 
' as' , 'the ; prbp9ll&iiUhav9bafln explained'ln Chapter 6. . TJiere are, however, 

'several' other propellant combinations which have a higher specific irnpalaa, 

An'extansive research' progrein shoald'-ba; initiated to gain Infonaatioa on 
' sotor design criteria, storage and handling problems and the problem of '■ 
■ logistics" of sucli 'funis.' Several' propellant combinations which warrant 
'"iliediate consideration are - *■ -" ■ ■'. . • 
iK '"' {!) liquid iiyiiro^n f.nd liquid Ozygen .. ■■, 
(2) Hydrazine and Liquid Oxygen: ■■ . ■ . 

l '" ' (3) 'I'ethjiarnine and Liquid Oxygen ': 
" *'•"" [k) Liquid' AROnia and ; Liquid Oxygen 

(5) Hydroboron and Liquid daymen 

(6) Kitroactiiaiwa las a -TionoIUel) 

Any of these after an intensive research prOrjra.r nay sventtially prove 
superior to the Liquid ■^;en-Alcohol eoirbinaiion wen all aspects aM 
technical iaiplicatiot.s are understood and ..'sighed* 

Hocket Motors ™ L'otor research will ^sve to be directed towards im- 
provements in fuel mixing cooling confonstion chancer shape, noaale •.vail 
iflteriala, ignition, and pressure control. This research is expected to 
lead to redaction of weight and increase in reliability, performance 
, and efficiency of motors, Rocket ffldtors are U31&H? tested in test pita 
equipped with elaborate laboratory instiu-nentation and safety devices. 
?or the largest staje a new teat pit surpassing those no - * existent will 



JiiMahS»_- DOUGDVS^IRC^AFT comf^ny, inc.. 



zzufflLWZszjusmzam^ 



' Chapter'., 



have'tooe established. '\l.<p:e :i ]' il : .:.? . - . . ,. > ■ ' ■ ,|>fe 
telcet Accessories - VMle M.fuTldMntal..re3earch problem are '™|S; 
awn to be involved in tile scaling «P of present turbines and pm.ps.to the ;•". 
skeS' necessary to feed the lir»9r scajes, ceil problems arise with the ; ■ 
introduction of pusp control for thrust throttling, fie p»p "ill be 
• called u F oa to operate near peak efficieiBy trof fail speed dora to about; 
Uo-thirds speed. Hw best to accomplish this will have to be ccler.i-.cd 
by research. Bo extensive research into ptaiing is tadiately required, 
provided ejdstin 2 standard faelo are need. ilcwver, if acne ne» fau :s 
eontesipiated, effect, on rsctirenents for.insulation, line sizes, valves, 
pucipe, etc., msi be investigated.: ; . 

lest Stands - the size sjldcost of the vehicle viould preclude the 
firing' ' test rounds- it-afree fliiht .vehicle for the cere purpose of • 
testing operational features. Therefore, each stage till have to be 
fired in a vortical test stand for proof 'testing. .-. test stand 'suitable 
to test run the solher and particularly toe ;rand=other units Jill be , 
conaiderabl; bijgar than the Geuan 1-2 test stand. Its Asm deflection 
and coolie reo,uire«t s -.,111 be severe. Tto development of such' a tost 
stand rich all its service e,uip^nt will be a sizable enterprise in 
itself and should unfold .-radcally fro. test experience gained vdth the 
lesser danger stages on suitably adapted seller operational test stands 
' n* available. >jlor. s things reqoirin; proof testing and measuring, siay 
be listed: the le„;;th of life of the Jet vanes, the ^niLde of mlali;n- 
,*nt of the jet, ti.B la: of »*rols, «a:nitude'of the thrust and of 
the control forces, f'.iKtionin E of all punpinj =chinery, etc. 
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■. Problems In (jaadynanlca -.A tl yehlcla.of 4hs ; typ9 dlacugsed in this |' 7 '.\ 
.report will h;ve- to. travel through .air f varykjj in ; deMlty;f»m sea leval . /* 
values of. ,0034, stopper cubic /oot.Jtfthoae.of the order .af-lO^. yat ! 

.200 miles altitude. r the atmoapherlc^ondltions flnooiintar8d ; .thua vary from 
the standard sea-level values to thoaejjf an extremely rarefied gaa. The' ' 
physical phenoaeaa^.conaeqoently, jaTsyjonjidflpablyj.aivi so, of course,*' ■ 

. do the iffithoda of evaluation. It .is .convenient to distinguish the regions 
encountered by tie ratio of .the characteristic length parameter of the : ' 
body to 1 the mean free path of the gas.aoleeulea. It is also. convenient! 
to introduce, in addition to soiae "suitable dimension 1 of the vehicle, 
another length, the country layer thickness if which in terns of tlia i 
velocity El and the kiirastlc viscosity l) is related to I by ■ 



11 . 

The quantity "V Is found from elementary kinetic: 



(i) 



■) 


»Ae, 


(2) 


where C is the mean 


ml ocular velocity .and A the osan 


frao path. Folio- 


ingTaiert S/e aay n 


w baediately indicate regkaa of flow by comparing 


with A- and J, 


J 

(.) A<<<f 

(b) A~ "C 

U) A»l 





H. S. Tsien: 5pnpQ3iuffl jn t-il^h Speed Aerodynamics, Cal. irst. of Tech., 
:!u»h 1*6. itnpubllshtd) 






^piguaraHg jesiqh • a. &t3ieeeivskici3" 



,19^D - -: ; ->■ ■_ -iV-vi , , ■ ■■■ Chapter-^ 

■ ■■,: ' .-.-. ■■.'■.- . , ■,; ■'■'$. 

?i.riJ a. s^^^Jftstifoy^ .(b) in, |j 

***-■- *t1ie JI psglofl' *±h Tt whliBb E^ip^ph€oiHB@'i» * : occiir'*la^fcbe Jvelocltyjdlstiibation ^.|i|f| 

1,5 • a^oaridary.^ T5i^eraturo''di r iooniiiDuitlas^daa;occur?at.th3 wall. Ragioa-'j" : ' 
^(cT&^iie leist%Mers^ ,, 

j "-J^wsilian velocit'y'diatrlbiiti'dtt play.a'krgfr'part;; (d) la somstkee called 
3E ^^^o tB l^uds6n , ^MgIoa'^' , Bhich , 'pr9^8*kirietiBt'(iiothoda apply. i ..■:.- 

-a. *>, '"-;spgakiiig'in aoro-Wodynantical teStSj.' it ia possible: to distinguish 
sfi " "the ; 'fottV I ragi:o , n8 ! ln' , tona of -'Each naahar. Mj-and HeynoUa-nnnherj R, share 

. . .- „. a~i....,....r ■ 

■ - ; _ _ &. C ■ 

where a '.denotes the vole-city of soiind. Then froa equations (l),and (2)_. 



and we therefore have ' ■•■' 

A I ' 

A given problera, therefore, can be characterised by the mean frae path 
and boundary layer thickness, or by the -Ifccfi traibar and the Hsynolds number, 
For exBflple; orbital conditions at 100 idles altitude correspond .to'H r-J 1? 
andB^ft), Heme, A/J ^ 2 and thus the problem is la the slip 
region. 

The research problems encountered in these various realaa aro briefly 
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listed in the fallowing paragraphs. First the case of very lar^e mean 
free path is discussed. Than the problems of larger densities are taken" 
up. The problems of air resistance and heat transfer in rarefied gasae 
which are encountered in the present analysis diffar Train most problems of ' 
this kind previously 3t'jdicd. The fornsr, such as those related to the 
oil drop expsriiWiit, etc., concerned problems in which the ?ean velocity 
tjss small compared wUii the molecular velocities, Tiie problem here involves 
velocities which are large cotmrad with the random molecular velocities. 
Hence the problem of momentum and energy transfor encountered here is 
similar to the interaction ->f a soiecular teas of nearly uniform velocity 
' and direction interacting ;.ith a solid surface. 

■foperi-TKmt and Lhoory are both not too well advanced in considerations, 
of this type. It seens highly desirable to initiate 3 research program. 
T!:is v/or!t should aUrt 4th a ^smril i-eview of viiat is already mm, 
both axpsriasatally art theoretically, and then prxead to fill the . :3 ps 
in t'.e '<no'"i5d;e. T'j mention a fes assumptions '.fhich have: not yet been 
^■npktely substantiated, » has: 

1. tria reflection of molecule fro™ a surface is generally assunted to be 
diffuse. The solewlss are assifed to leave in random directions. 

2, The r!(j*.rtin,i s.^lecaUs are ass-^d to have velocities related to 
the te'^ri-tm^ if 'M '■''all by iseans of an empirical "accoraodation" 
coefficient' A, •Jihieh varies between aero and one. A = corresponds 
to the case of e>.3tlc impact, A - 1 to 'the case *ere the tempera- 
ture of t ne molecjlea of the will is equal to the Kali temperature. ■ 

roth sf these ^ssusptiona affect directly the evaluation of dra:; and 
h*at transfer. F:r u? pi'SMut eass of high velocities & complication 
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arises due to the fact 'that tha iwu^-ea tti.ll not letve the wall, but 'f " ; .y 
will f ora a surface layer.' Ms affect cannot' yet be considered in the. j t ' ,., 

jCalcolatlona and farther ragoerch isnsedecl. • 'V'^'' 

( Conditions at .somewhat higher densities are stllT'tee ctaplicated.;, ' 
In regiiiEa nhere the ,uean free path is comparable with the boundary layer . 

■thickness bat not large compared to the body dkensions/ complications ; . . 
arise dua to the fact that deviations. froa the steady state ha™, to be 
considered. The heces-sary additional teras in the equations of motion dua 
to the deviations frca a steady stats can be calcalatsd from the work of 
Chapman and Enskos- Tsien has pointed oat that the additional terns ia-; 
the Haviar-Stotea equations involve third order differential --quotients '•' 
and hence a new boundaiy condition has to be added* The. exact 'fowl of this 
boundary condition 1b at present unknown. The fonaulation'bf;suoh a con- - 
dition will a^ain involve knowlsd,^ of the interaction between the gas and 
the solid wall. 

The gaadynaoical ran^e appears to be the beat umfentocd at present 
=nd considerable research here is- already under way* tie* problems related 
to desigle gilch aa the present one arejffjir example, the nofi-a'tatlonary 
hsafc transfer problems which have to bs considered for aBcent and landing, 
Questions like the dra^ curve at high values of -if, stability in passing 
through the sonic velocity, etc., are obviously of ^raat importance. How- 
ever, there ia little difference in tiw gasdynaaiical ran^e .between problems 
arising in ordinary- missile, design and problems of the design of space 
vehiolea. Of course, detailed design problem will differ. 

It should ba emphasized here that aerodynamical research related to 
a space vehicle will have to ryike iisu not only of yttansivis invest! jation 
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''"liTwiniCUimifiis, ■ bath. .auptunsnie and.iiypsrsoniff, but sill alMhaM to'jjj*^... 

' oanr to'olo of- asdaim. experliBiibal phyiica. ' lh» plaottlat '«is mrtlioda, "_.'% 

r ftS f «a^)ii,"iiuf be -one of u» rsojiiied tools,' it" is eWSfcttat in nam .-i- 

'■:■;■;■ '■ 9 

' cases thu'reseaMn' has to be analytical 'and notsiperkenW.' In Wrspead^ 

' aerodynamical research tne method of model teste siaHMingastaal flijht _ 
conditions ia extensively used, Ma type of test becomes eioeedingty 
difficult and intact itwasible for vehicles traveUinj.st great speeds. ' 
Thia ia moat easily seen in the following example, 'me ratio of stag- 
nation temperature t," to free-stream temperature f for a body travailing 

: -at a fcach number f.i ia • , 

;.: _£ = /+ •^-M_ ( where ■ 

-f ;. >: ■■■■' 

Hence for » z 10 and If ; 1.4, iji - 21. To produce the :ttch imtxi 10 in 
a wind tunnel, an adiabatic expansion process is used and -he temperature 
drops from the Blue T in t.:e. supply section to To/21 in tne test section, 
in free flight, on the other hand, the iree-air temperature T in ^iven, 
and the temperature Y »t21 T ia produced by compression due to the fast 
moving vehicle, it is eviuently rcry difficult indeed to natch both V 
and T in the Bind tunnel as compared nith aipjht,. since this auld requite 
a temperature ill the'supply section of the «ind tunnel 21 tiiius larger 
than the ambient tenperatura in flight. Keaearch mat become «ore analy- 
tical, and a close cooperation between experiment and theory and also be- 
tween aerodynamice and physics is an absolute necessity. 




'■ «™d»«ju1«(b«- D0USUSiAli3CHAFrjCqM^Y,J_NC, 

^ »»l ■«■■• B»y g, iw- ,. :; ;. i - SA ff i ffimA^j Mff ;: 

v;r &,(!■ ^oio-y .'Knowledge of sthe'f properties of tta. H up^ I 

" &.$* 

'" the stratosphere is expa'otad to:u8..^aftUyj'ad^oBd,_dia'i_ng r tha prtaeap^ 

'""'year as the V-2 firing ■ program aadthevHerass^BmblrtsajjWAiJ'and Hue^pl 

'"' projects progress. Arriagsnasitfl will have to^be mdQ, r Ja iOoonerate wi^ 

"' thasa prolans towards seouring Bone of ■■taie.HOB-t.in^ortaatjasrologloalJ:^ 

' data at an early stage. The faotora of.ipriiuiry. interest ,arei. air | .'■■,%« 

' temperature, atmospheric oompoBitioa ionUation, r&(Sifttio»_aa.d nindif'. iffy 

the aatallite project itself develops, it «U1. gradually furnish its own;' : : 

' : means of pushing exploration into.-thsireain of higher, altitude and Speeds";' 

to detertiine the laws which govern the behavior of'ioving bodies there. ,, 

Some of the inconplete nissile 'aggregates, notably the mother - daughter,:-. 

\ " : ' r 
baby stage teat rounds when fired on b&lleatlo trajectories oyer huhdreda.. 

or a few thousand niles range should furnish excellent opportunities.^ ■%-' 

penetrating these virgin regions. Suitable instrumentation with' which 

these and other tes^ cdssiles can be equipped should be developed as the ' 

project j^ts under way. 

Jet Control jjuddars .- The jet rudders for control of this Vehicle 
while under thrust presents a najor problem in that they will be required 
to stay in the jet about four tinea longer than any that have been used 
to date. The natural Graphite vanes on the German V-2 lasted about 30 
seconds before erosion rendered then ugelaas.for oontrol. It therefore 
will be necessary to enter into a research program to deternine what 
material or conciliation of materials will be able to Yiithatand the 
high gas velocities of the hot jet sufficiently long. A passable solution 
may be in the ablest unexplored powdered netala and sintered oeramios. 

Another approach nay be to have a nunbor of vanes set at a given angl' 
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As the vanea erode away the control would feed sore and more of the, vanea < 
into the jet. The solution of the problea Ilea at tho end of a research" 



3 Systacv - A considerable wanart o 



Fri.ll have to be di- 
rected towards the development of a suitable servo mtor system to actuate 
tne jet vtme. For instance, the relative aerita of electric, pnemiatio, 
hydraulla systems have to be investigated for eaoh stage. lieanB to ■ 
balance the vanes in order to keep their torque and power demands in 
bounds rail have to be atudiod. 

The control of the aervo setorg by means of an autoaatio program 
pilot systen, it3 stability and freedom fron undesirable hunting will ci 
in for extensive research'and developnent. It will require gyrossopia i 
aocelerometric response elenents which themselves will have to be speaiaily 
developed even though their fundanental principles have already been 
suocefigfu! in the V-2 missile. To these will bo added a radio altineter, 
the development of which will constitute a program beginning with research 
into "he special funotional requirenent of such a device, when working, 
unprecedented altitudes and flight speeds and furnishing Input signals t 
on automatic control regulator! 

Guide Bean and . rjonmand Syfiten.- Inasmuch us it is anticipated that 
provision Trill have to bo nude to signal oorreotive guide oonmai.ds to the 
missile to ensure its precise entry into the desired orbit, a good dea 
of research and experimentation with various oonpetinj; guide beam and 
guide oomand oystons must be instituted in order to evolve a satisfactory 
technique for the satellite. Antenna ayatene will have to he developed 
for the satellite mssilo in all ita starae. Research will be directed 
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towards detaining tfo^st'Sui table, yt 



the miBelle and towards' developing suitable, tubes .for then,' if n 



available. Preliniiiary.trUlfl of proposed ground installations, aafmltf 
as air bome radio^altiPiBtero, coraand receivers and transponders, -Ihoiild^f 
be arranged in conjunction: with other missile firing prajeots in progress;! 
oiri subsequently, with teat miaailes specially adapted for this purpose. -j| 
During the later stages such tests can undoubtedly be oonbined with' '.''■' 
flight teats of the daughter stages of .the Satellite project itself. The.', 
comand sygtera eventually charged with bringing. the aissile back to'Jaarth 
will also constitute an object foriBfleQfOh and development, the electric 
power supply for.the laiesile borne electric oquipnant Kill also have to 
be developed to suit the unusual conditions prevailing on the orbit. in 
an environment .without _air aitd gravity, - ; ■ ' K -j, ■ ' ■: 

^riulator.- In enter to.ens'ure that the oortpler regulator loop systeo 
will rork snoothly and without undesirable hunting it seeraS inperative thai 
a so-called simulator be built and operated over numerous teat runs. Such 
simulators have proved thdflflelves invaluable in conjunction with nftny, 
projeots, vis Hon, Azon, Buriblebee, Hemes, Nike, Y-2, FX, Henschel, eto. 
The development of an eleotrioal sinulator for the satellite missile can 
ha undertaken in such a manner that It oan be quickly adapted to represent 
many varieties of control systems with different response charaoteriatios, 
lags, coordination, overrides ate flie representation will include the 
autoinatia aontrol functions as well as the bean commands when suparinposed, 
and it will be aade to take oare of the gradual changes of rdasile waight, 
(lonent of inertia, aerociynunio reactions, thrust, eto. during each 
simulated flight. 

Attitude Control in Orbit. - Reaction flwheels or rgcoils which or* 
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being considered. for control of tho missile's attitude or orientation with 
respect to Ita flight path, will require researoh and development to':e 
. jbhftt ;they function an desirorf under tiie peculiar enviroiWnt of tho aatelltt 
and that their control ia suffioiently forcible. Sliwktor techniquea 
may also be helpful here* 

j Telenotry, Trajectory Survoy and Coigiunlcation . - Tclenetry f ron 
guided nissile to ground stations ia still in it?, infancy. Great striden 
towards its realisation are expected to be nade as the presently native 
projects, notably the V-2 progran, Hemes, Bucblebee, eta., progress* Clos 
coordination with these activitieB will be nandstory. Later on, apeoi&l 
firing of aone niseiles for the benefit of the perfection of satellite . 
telemetering aystene nay be indicated. She sane ia true of the evolution, 
of trajectory survey by photo and kine-theodolite and radar tracking gear. 
Eventually tho entire coraunication system, whiohmll bo required in tho 
actual satellite operation, will have to be developed, tried out and 
practiced. The development of the instrunentation for the "payload" will 
require specialized research along the lines of the various branches of 
science to which the data to be neaaured belong, notably, meteorological • 
iaatninentu, cosmic ray and ionization meaaureuents, temperature and 
pressure neasureoenta, radiation neaaurenenu, spectroscopy, photography, 

Digest of frriatini; Literature, - The aoientists of many nations have 
written nor? or laaa technical or apeculative articles on rany objects per- 
tinent tu the satellite project, Gorman scientists and Hn^neere, in 
particular, have produced numerous reports covering about every pha.se of 
their reaearch and development uork in conjunction v^th their nleailo pro- 
ject c, several of wiiioh have been teohidcullv radioul advar.ooiieiita of the 
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art- Theae reports are'phvsioally available in'thls odunfcry. Theyfara,f| 

ai*^i^ .-.**, *-*.., t-a ■•• -..^--,.. l - - | n f 

howler, aoatterad betwoen Several agencies (Arny Air Forties, Amy | ^ '.%£ 

Qrdnanoe, Havy Buaor, Havy Ordnance and variouB'othQr institute.) flhsy^ 

are in the process of being indexed, acreened/'abatraoted and E&arofiliaei* 

Sons fes have bean translated. Translations &tg being made by specialists.' 

scattered throughout" the" natlon-widB' galaxy of activities in the field ■_£ 

of guided niaaileSo One of the urgent tasks of the research agency of .the 

satellite project would be to aoan this wealth of literature, gather aopiaa 

of translations of significant reports now available or in progress, obtain 

microfilms of others and organise the translations of thosa that have e 

immediate bearing <m the yet unsolved or uncertain problem of the aatellit 

project. In Bona instances it nay be possible to secure froii the ' 

military authorities the aaaiatsiiae of German authors or apeeialists to 

expedite tho jobs of translating or abstracting the naterial. 

Interrogations - In aany inBtanaea diaarepanoies or conflicts appear 
in the literature between data, computations, theories and objectives of 
some phaae or other of the Carniin activities. M hoc questioning of German 
personnel held available in this country haa already done much to clarify 
some of the problena involved. Evan though these people have been interna 
gated nany times it aeena that as tho digest of the literature and the trans >. 
oript progresses and broadena, new questions arise OontinUoualy, It Is 
therefore believed advlaable to oonprise in the reaearoh aotivitiea of 1 
satellite project sone a5t.-* ( p whereby discussions of auch now queatlcna 
can he quietly arranged between the German personnel and the Anerican 
specialists on the problems. 

Coordination with other projects - Aa has already been Mentioned 
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wider various headings before, part of the iieooeeary reaenrch activity 
nill oonpriae oloae coordination Hi til other hi£h eltltude and long twgt 

: niaaile. projects m actively being preseed fomrd in this oountry, 
if poaaible - abroad.. 
- ■ °°i"i""i^y - So»e of the research prooleas are of a funeVnenti4 nature 

.-.•nd.taw a bearinp, on the first noves of. the deaipi Itaff. Ihese Bill have 
to be taoklod imiediavely. Others are directed tomrda results needed at 
various later stages of the prop™. Ihese eon he soheduled consecutively, 

, A certain eraunt of overlap and continuity of research anil development mil 
therefore becone necessary. Actually researoh and developnont will have to 
ho continued to the very end of the project, the actual firins and navtfa- 
Son of the aatellite rdasile is core a research tasfc than a production 
job. 
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of deBi^aitig a asa-iado Batgliite. TMa & eaaalaatltti ■ has ;bflaa mde withia' 
'the strict lMtaiof 'pr^tJiai- aagliieeriiig analysis i„;.Ve tows found tfcat M 
f ' " modern teokolo^'WadraiMei^'a^oliit vhere^it-nov-appaarB fsasiila .i 
"to undartafce tils design" of fluc^a saielliW, - : '»--v-- "' ■-' v 

The sagnHuda of the'taWbf J eetabHeaiDg thtfflrst'ealalUte TeMcle 

; in" Its orMt ia impressively 'liig^^Kdvew^bur 1 analysis -has ahem tftat .. 
'''as experience Is gaiiiedii -this ^ovl-fioldi- 1 the- reduotion in tiia magnitude 
"''of the task will ^equally i^reesiVeV'""'"'' 7 ^ "' '■ - ^ i 
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1 'V .iln evaluating, tbo^parfoiuenoa, of s #. yery high altitude., panicle, 
I'flueh as that deaCribsii In this report, it : becomes neceaaaiy.jto have 
j" values for the phyaicalrpr.Oflsrties' of the upper atraoaphera at ox- 
■ ttMiEsly high oltitudes;,^iMcIi heretofore were, of little interest to 
■:-the aeronautical engineer.., .Conditiona in theee high altitude regioi 

have received soma attention,, both theoretical end. a 
:; the past 20 or 25 years by a_ relatively small number 
■:, Hoaener,' the present knowledge of the physical state of the upper 
i atsospherg is- .far from .complete, and es nill become apparect in tl 
.:courae of the disctisaion, at the high levels there 
■' Terences of opinion as to whet the conditions ure; at still higher 



dlf- 






lata c 



tion. 

In general, workers in the field appear to be in fair agreement 
as to the atmospheric properties from sea level up to 60 miles alti- 
tude. Above this altitude the knowledge and agreement is much lass 
definite. It should be mentioned at this point that since all of 
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Appendix "fAif: 



the values given, ia the-Iiterature are bageduan^ba metric' syatem, ...j|',: 

.^ ^ -^ J tmpB^atll^9'iI^A/8lti , t«d9^.1nJtol.-';■J'tll6fvaXu68Hllich.v)lll«l)9 quoted JL 

i? s# 3 > ! li9v9 1 Hi'll ;i be' : Innaraa ofHIieisiM^flTsteKi^'tyor tia.aoaif6niance of | . 

-** : 'the reader,- tables. Van'ii.S-ifor-'coiiverti^saluaa orV temperature and 1 

- 1 
»- '^.'-altitude to Ue .English system, -Vend ft.;, aw given at .the. end of ^ 

'&* ' *'the tert. . -The- values ■ f InaUy' adopted' to represent ■ the..atmospaerf} ? 
;. , ajstkii^ ijg. prssented ■ltfW engineering system 1 of .units.. .■ ■ £' 

":.^i;t. ;.,, .Since' the -prasaurfl'at'aiiy" altitude depends oathet'ter.tioal dia-S 
-'Si-trlbution'.of temparatura, and sinca.the density depends on both tsnp- 
& <;- erature and prasaursylt la .flVl-ient-Uiust',. of, any of the atmospheric ^ 
i -r^'pyopertiaa.'tfle-toiapsratnT'a Is the post- fandamantal. and Important one 
f::^;to''ba considered. ; The discussion, which-, follows is undertaken with «, 
■,-■ ■ this point in'aind.' " '"■■ '■■' >■■■ "- '■ ■ 

For the purpose of discussion, the atmosphere Is usually divid- 
ed into three sain regions. The atasphere from sea level to about 
10 m, is referred to aa the troposphere and that front 10 Ion. to 20 
km. as the stratosphere. " de region above 20 km. , extending outward 
to interplanetary apace (or however far outward the atmosphere jay ba 
considered to ejtend] la referred to as the upper atmosphere. Aa 
pointed out by Penndorf , measurements of auroral heights indicate 
the presence of atmosphere up to heights of 1000-1200 km* The average 



, ft. ; Die £ui3aEiBer.set2Uilg dor luft in der hohen Atnos- 
phara. Ueteorologiaobe Zeltschrift, vol. 55; 
P* 30. 1933. 
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ApponfoJ^ \ 

ia.,the. troposphere. aM sirstoaphar&sra wall^wa eiid 
. form, the basis for the standard atmosphere used i in..aar<muti6B| as '? 
■igiven. by. Diebl 12 ?. ■-.-.■,-,:; "J--^" 

.,.' ' IqEl ataospliere above about 80 km. Is strongly ioniae^pd hence, 
.this region of the upper atmosphere from. SO km. outward is knowa aa 
...the ionoaphero. The ionosphere ia of ftmdanental .importance in radio- 
wavs' propagation aince it is oning to. the reflection .of. those waves 
by the ionosphere that long distance radio communication impossible. 
It seems to be aGteblisaed that the ionization, end therefore the 
., conductivity of the ionosphere, is caused by ths ultra-violet Bolar 
.radiation. Whether the particleB responsible for the iL cQEduetMty 
. are ions or electrons has mot been definitely established^ especial- 
ly for the lower levels of the ionosphere. A survey of ,tta, facta 
and theories of the ionosphere has been given hy Niinno^', 

The ionosphere itself is divided into three aaia regions or 
layers. According to Berkner the lower of these regions known aa 



(2) Dlehl, vJ.S.: Standard Atmosphere - Tables and Data, Mk 
Technical Report No. 218; 19*5 and 1940. 



U) BerfcQ8r,LU: Physics of The Karth - Till, Terrestrial 
Magnetism and Electricity, McGraw-Hill; 
p. 451, 1939. 







'*' B "'the H-region is moderately Ionized aiiiia'eit^tediii.Uw^Ticiiiitj^ 
'of'the 100 km", level. ,ShVn«t higher layer", tthetf, -ragion^is prtJ^J| 
strongly ionised and ia aituflted at '.about 21Q-3piu "■ still, higher and J' .',$$ 
M "still kore strongly ionized ia the F.-layoivaJiftibaut 300 km. Scat, "L,,^ 
of tha present knowledge of the upper atmosphere is based on tha '■ 
study of these three regions plus some t igiirea which have beau de- „' 
.-'" ' 'duced froa meteor studies, the propagation of sound, and uhe apeatrnjri , 

■ & : r '0t the aurora. " - ' " i *-- ! a> '-■■,■'-' -i 1 -<i - ■ : '■- 

'"' Since the aim of this study is' to arrive f at -woricing values for '■>( 

''"* 'a so-caiied standard upper ataoapheray .ths-.-various data which are | 

* available, either experimental or theoretical, i4U "he-presented audi 

from them,what appear to be the moat raaainable deductions will Barret, 

&s- a 'oaeis for the final values to he adopted for use in the study o£ 

the perforiisance of the satellite vehicle. 

Gutenberg ^ has recently given values for the atnospliere from 
aea level to 100 jai. These ara presented here in Table 1, ivhicfc has 
been 'copied frora the paper by Gutenberg, 



(5) Qutenbsrg, B.: The Physical Properties, Pressure, Terperatura 
and CoapCsition of the Upper Atmosphere, 
Aeronautical Symposium at the flaitforala Institute 
of Technology; March l$k6. 



Typical Data for the Atmoaphera in Winter ' v ' 
(a) Northern Germany, (b) Southern 'Calif ornia 
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V ■ Hubert, eai^ro>'liiveBti^tor^l'prol>li)Bs;of .the up&3r; : atfflOBpheiti|5 
adopts the temperatiie'ilatrliiuMon BioHL'lll'Iatla 2 to represent ithe J* V 
,, at»oither»-Js4oia..im.i T i 4 ^ — «^ikp-> T »~J- ' §Sl 



? Temperature o^taeSasEAtaoephere^ 
1 (According to nulbert; Bet. 6) " 



6 Altitude, «■..;,; so lb" 20' ;5ov to| ; ft ..:». ioo 200 220 ' . ., 

1287; 220c"285 t230; 8to| -260 ' :i 3K) 360' 3& 360 ; .,.i' 



..-■■•;■ ■' (7) 1 

Fig. 1 copied froa-a faper by Kartyh end Pulley alio'girefl iafors»- 
• tioa'i actual ^Inferential? onncerttiig tie average vertical temperature 
?dlairitrtlmJ™ilove"'100to:Jt.vlil'ie,:lloMoed1iot too teiperatuxe , . 
distribution hae Tjeen ertrapolated/Up^to 300 tea. as ahovn by the broken 
lines. 

Fig, 3, copied froa the paper by Pemdorf, loc.cit. Jen equally 
reliable Investigator, gives a aomwhat different curve for tie probable 
vertical temperature distribution above 100 ta. Sis fast that Goeti 1 ', 
another well knonn wrier ta the fieli/ueee Peondorf's curve may perhaps' 
lend added selght to the values shorn ta Jig. 2, It vlll be noticed that 
the cnrposlttan of the atmosphere, according to Penndort , la indicated 
by the curve on the left hand aide of Jig. 2. 



(6) lulbert, 1.0.1 Phyeloe of The Sarth ■ Till, lerreetrlal Ifegnetieum 

andIleotrlclty,.!fca»v 1X11} J.e93> 1939- 

(7) Hartyn, D.F. and Pulley, 0.0.; She Temperatures and Canetituantfl of 

the Upper Atmosphere. Proo. EOy.Bw,, A15*; p.W2,1936 

(8) Coeta, P.V.P.! Ergetalsee tar JibBmleclun Hyatt-tad in - Phyaii 

ler *aoB»blre,leljll8, Atad.Yerlog.; p. 31*, 1938. 
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1 1' Q rJnfflinffl r "P0UGIAS nin ^, 



- jro agg wi- iBSMi o? flgHUTE vrocft - 



Ajpendli. A., f ■' :?< 

EJiPTOft ', ■■■;,-■ ■■: ..jIj".. 1 ' 

Jhe data presented tima far in Tables 1 and 2 i Figs, 1 aodfe^ 1 ' ' 

plus the standard atmosphere data of ref . £ may.flafely be said to represent 

the present state of knowledge concerning the vertidai dietrftutia of the 

temperature MT atmosphere tip to altitudes of about'jQQ las*' It 'Is worth 

noting that none of the date extend beyond this level, ^Sfcua there is fa 

relattvaly large region extending from 300 la. up to 1200 km; and tidier 

. LffifcOte." t r JTJ& ., . - .( .-. £■:. y^j.'f * 

In vhioh, although It comprises only a small part of the atmospheric mass, 

s, iii^tii; i -'i :: v -: . -. i/f -■.«•, | 

the temperature oondltlcoa are lore or less imhuovn. 5 

That there Is not even coaplete agreement in the region from- ft) to 
300 km. 1b Immediately evident from "a oanpariflon of Table 1, labia 2, ! ,' 
Hg. land Kg, 2. '." ' j . 

The data presented here, plus -the results of other investigators'; 
vhich nay he used to threw additional light on the problem, Kill now be 
used in order to arrive at the some final and definite values of the ' 
probable average vertical temperature distribution vnloh nay be adopted 
to represent a standard upper atmosphere. 

'From flea level up to 20 im. the ataospherlo temparature haa been 
determined by a great many direct iseaeurements (Bounding balloons} and 
the average conditions are veil represented up to 65,000 ft, by the 
values given by Diehl (loo. olt.) for the BACA standard atiaosphere. ■ 
Owing tc the unlvereel acceptance and widespread use of the BACA standard 
atmosphere, it vlll be adopted as a representation of the atmosphere up 
to 65,000 ft. 

Above the stratosphere, all of the data eloept that of Euiburt 
indicate a mailman In the temperature curve at JO-bO Jan. The 

a of thiB maiiME is fairly veil established by the vorfc of 







F, J, W, Whipple apdDucksrt so the aa<aalcivia;pr<^a^tim.^.eiM&pltJ|^ 

(11) t o'(12)- * i$K^ Of^AsM^* > ; r , 
vork of Sevan and lobeon on ozo&B/hyjthe marerfirecmit lovsBtl^fcioinof^^^ 

J, L, Nhlpple baaed on iBtaor observations, and:alflb;in':a recmfc;^]»ife 

by Govan, Ha temperatures at 5&-6O km. gives by- GutenW&flfiree esBan-y 

■ :-.„.;■■- ■;■ ^'-^^^^^^^i^o^t22to^^-"' :i |:'" 

tlally vita the most recent results of F. I. Wiipple. and Qovaa aid tliess^ 

'.'; l - :;■ "v rri-; V vi. * ■■■;!■$ 'MrA'Stf&a H !^uoj£}iS \^Skxi '.• ' 'f'' 

values vili be adopted, the temperature at this level given in Jig. 1* * 
.-■: .'a. "-,:</. - /;a s-..-. sB^Aistfl sm^.^J ^3 v' i '■ 
appear to be too high. I 

-.' '; JKroft -i= tf^S, iiJ^ "^ it rtftW *?# r 

There is acme evidence for a temperature minium at abont-the y 
7 ,, ''•'.; 13 ;■ j.'-.;vi.', ; Kit **-,:« >»**:*& & .(at Wf ' ■' £ 
80 Inn. level hut the value given to 3?ig...l appears much. too. lev,, see ft 
(Jte) ■ -;J ..sit^i ;&i ■..■■' >* 
F. I. Mpple, rof , 13 end Hartyn, and vo again ado^.theiiore ccnaervs- 
■:■':■ - : ':v.v t'i ajii-'SM a# -jL'Iq t^^v^'^aM'^^i^ : ^'i'/- .' ' !' 
tive value glvea.by Gutenberg Vhich agrees with that; atom by JenndOEf. 



(9} F, J, V. Whipple: Quart.' Jour, Boy. tot. Soo. Vol, 60; p. 80, 193!) 

(10) Puofeert, P.! Gerlandfl Beitrage Zur Gaophyflik, Supplement 1, p, 280, I95I 

(11) Oovan, K," JL: Proo, Boy, Soo., Vol. A128, p, 531, I93G. 
(32) tobeon, C. K. B.: Proa. Soy. £00., Vol. A12?; p. Iill, 10), 

(13) Whipple, if. L,: Jbteore and the Earth's Upper Atmosphere, Jeviava of 

Kodern Physlca, Tol, IB, Ho. *i, j. 2k6, 19^. 
(II*) Qowaa, I. B.: Bote cm Ozonosphere Temperaturee, Aeronautical 

Symposium at the California Institute of Technology; Jferoh, 191)6, 



. mm 

Sear end above the 100 tou lavel'anotluir rlea in tenjaratare ■ ■ | 

Is required by the results of the etu&ies of the auroral spectrum by ( '. 

A ttfVl .>:AVI as^ad 9'^ .vv^^&i VAj^fc.brfrii ^.V ; ■ £ 

Vegar4 w ' and BoBflelflid «&& Steeaeholt*'" 3 ' which give': a tengarature, 

about the earn as that of Mbert and vfclon Is about wJtvay between the 

values given by Martyn and Pulley and that gttea by Gutenberg, Wb '■ 

therefore adopt the veins In Table 2 at the 100 &. level. f 

Above 300 toa. the variation of tespsrature beooffiae union lees 

definite alt'as^h It la generally agreed that high temperatures ami 

eiiet in the Fg-wglon at 250 or 300 tan v Oodfrey and Moe *> ' have . 

ehovn, on the basie of radiation equilibruin,,that the highest possible 

equilibrium day-time temperature In the Fg-region 1b about 3300% ; 

and that the actual equilibrium teHpereture may have any value between 

this figuw and 230% However, theee authors, have ehowrthat the 

■' exifltenoe^of-hlgh tejwraturee of theater of 1000 z or mora ifl a 

neceeaary consequence of the preoence of appreciable oxygen at these 

levels, 

Hartjn and Pulley, loo. eit., alao agree that the temperature of the 

f-regloa must bo of the order of 1000% and Jtortjn (»f . Ike,) isore 

recently states that the high temperatures originally found to exist in 

the Jg-region ae a result of electron collision fraquency aeasureaontB 

is confirmed by Juchs and by Appleton from meafiuranente of the thiokneee 

of 'this region. The velght of evidence in favor of high temperatures in 

the Fg-reglon 1b very considerable. 



(15) Vegard, i.j Oeophyflieke Pub. Oslo, Ho. 9, 1932 
(16) Homeland, 3 and Steeaoholt, Q.s foil. Che. Oslo; rubl. Bo.?, 1935 
(Ike.) MartjBj B,F.: The Upper Atmosphere, Quart, Jour. Roy, Met. Soc, 

vol. ft; p. 329, 1939 
(17; Godfrsy, G.H. and Trice, W.L.: Froo. Boy Soo,, vol. Al63; P- 237* 
1937 




2 .$$(&&& a.' rt,^Tfefflff» 'mi .$ WE aK £fg& £as *3fl£ * 

:'■' ''''*,, turns at around 300 las, '4hare la certe^ ^nothing vMah 'definitely..',; 

-".- , ' flaws the shape Gf.,the temperature cnrr^betwoea 100 a .end ,3001m. On'thoJ 

' one. hand ve have/the extopolated'.ourve^^jra. aalJuUfly, ?lg. 1>4 % * ^ 

which indicates rapidly increasing, temperature starting at 8Qto, an4'| '.,,; 
■S^-Vs;.^ i£ iwir t 'ia^f i^'iijj!f|<t $ni&};nsiS ;/ .w..} ,iw.'?7 | 1 

continuing to 6, asainra at around 300!na. On the oiha* hand there la the; 



curve of reandorf shoving practically an iaothermal condition from ■ | ■■■, 
100 to 20OkE. and then a very rapid increase In the J^-region above | ..'«? 
SOOto, Aa far as the computation of pressure and density is concerned, ''« 
these two curtflB would lead' to considerably different remits. She | 
use* of Panndorfa curve would lead to low values of pressure and density 
at high altitudbe, while the use of 'the curve of Wartjn endPulley would 
lead to relatively high values for thefle qualities.. i ■ 

' "". . " Thus I although' ' tflge . 1 and 2" are in agreement as to the Value of . 

' 'the high temperature' st 3Q0l3u/theV repWaenV this' tvc extremes by which '" 
this temperature is reached Starting from 100km. As a reasonable 
compromise for the probable temperature variation from IOC to JGOkm, , 
it has been decided to adopt a temperature variation In this region which 
is an average of these two extremes. 

Above ;00 ton. there are' hardly an? data which would serve to extend 
the temperature curve to higher altitudes, We do know that the 
thickness of the total F-ragion {ccmpriBlng both the !]_ and Fg-regian) 
is estimated to be of the order of 2001m. thiol; (Hartyn and Fullej, loo . 
oit. p. 1(69) so that above the J0O fan. leva! one might expect the 
temperatures to decrease fairly rapidlj. Above thie levelj the only 
figure which has co me to the attentlotf of the writer is a value 
of 70°c t 



. which le quoted b 



3 due % 



(18) HoeselandjS:: Theoretical Astrophysics, Oxford University 
Preae; p.E=)7 
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."" -n. .nil 0-UG^a4«™i&0M» 

' F _i>~ _ r.x- 

,|JP ■'■""■ 



„ _. _jfiHt':: #fe4 

afs&^ejasflB! theiml^aililBlBB< 3!hat /thental tdlibriraLdoaa 

™ t "* ;not ,ohtain .undarithe . conditiai>;$on$ini at these! altitudes ■.lB.^fiffliemliy 
t~:'^^flooanlsM, £fawwr, foi;$lii^cf-reiiything tetter, ,the raise ,of 7Q°<S 
Itf-iljA'.atJflOO im.villto adopted as glrlng ansa Judication, at least, of the - 
ca^ prohatle order of magnitude. - ^ 

n:^ffiL-..s-..2hft^flaal values 'adopted :(sb. deflcriDad atowj-to repreflait the' 
5:, .-. ^Terticafdeetritution of tampeiraturofl .In ' -the tipper atnoBphere are 
zkz-'j; Indloeted hy.the teaper&tare.cum p»eenxed- In Jig. 3, ■. 
L-" ™ Vr^^he'co^ition of thB'.^pftr^ataqflplww vill am la Briefly" ■! 
EP.V- ~ Qonflidered,.. The ccmpiMltioR of tho air In the _tropoBphare ■ (Bsa, 
^ji^^rel :to 3£-£0km) as given by Paneth; ^Ata'showi by Iahle'3. - 
^r..--i--'.T "From the fabla it ia saan that Hjj v and C£ aooonnt for 99 percent 
£=■;■<. ■".■ of the ooirpositlan, hy,.70lffl», of .^leigyw nWaphere. Aborting to 
T"' "'.* Pemidorf (wf. 1, p, 31) and to' Chapmen ^ ', the'reeultB of auroral 
< spectroscopy indicate that even fron 100km to 1000km., atygea and 
nitrogen are still the main constituents of tie atmosphere. . Some 
iwenty yeara ago, Chapmen and KUae* , it was thought that because 
of. their lov molecular veighta, either hydrogen or helium mat he the 
main oonatituent in the high atsoephere. Hovever, It Is nov the 



(3.9) Psneth, J.A. : Composition of tha Ifoper Atncephere - Dlreot Cheaical 

Investigation, ^aart. Jourft, Soy, Jfet. Soo., vol, i% 

pp. 30lt-33fl, 1939 
(20) Ohapaaa, S. & Kilns, Z s A.i the Compoaitlon Ionieaticn and Viscosity 

of the Atmosphere at Great Heights. Quar, Journ, Soy 

Met. Soot, Vol. 1(6; p. 379, 1929 
(21} Chaumn, B.: The Upper Ataoenhere <^oar* Journ. Boy Met. Soo., 
Vol, 65; p. 304, 1939,- 







^ "a i **it^ 'Lty—f . T"i :'.ni*— B ~ , ,,'fw (..' . _^ v!2_ , ; 

j|s|*n aflatiMi'hore'^tjiho upper aacBphera 'B^ftaitrcgan-Kygai^aosjuieiftJ" I 

?!• 1/ i' , a ' -i - _ -5 I- 

l "'..flflBt--:.j==rr-lonmlfl7it.iv yolimfl ^ ife^fokcii^jft. w ^^ltfra...: yy: 

4 i " i* "* IT, (0=16.000) ■ "' ■•':&£) .', -S 

"%Iitrogm \ p^T 78.09 l^T -28.016 "O.jSf F 
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Dtepoan, rsf„ 21; and also Psimdorf, Fig, 2, agree that tbs 
■ nalaoular ojygen &j most tagin to undergo dlsaooiatlca Into atomic 
oxygen tegiualtg a,t l£K)~l50km Bj attd that the jaolaoiilar nitrogen Ifc 
not uadargo dlflfloolntloc into atado nltrogea at higher lewla* 
In this report tlia foHoving valrse vill be adopted for the oompoBitlon 
of the ataoflphere. 
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* «to,B0-150Blt n .'. ..•- 

arts :150.5001m; .; .,::*' 

A ■$ :*500'V»,sbM higher. 



CdcpoalUcu 

;10jt0ai4 9O<S:.:i.. 



i7S5V0Tr ?■;- Saving-adopted the te^eratnra. distribution flkrtm in ?i^. 3 

a.^ rttoirepreeent* the probable average eoaditlcnfl In the appar atsDephere, ! 
"<0,fu :?tbe corresponding preasuree are'deterBined-bs' use of. tha hjpBcoetrla 
-.-i2i:;'equa.tton'-(«ee tahreva' .'.or-Wakl, raf.2), vhloa ia used h«m !n 

i &£.*if&3the:fon tfV.' - ... , .-,. . . . .7 j. ■ 



' t,'' aq.ft.' 



, vhare h 1= altitude of lover level, ft, 

h f = altitude of upper level, ft. 

Pf := preasure at tag lover level, 

Pf =-.praflaare.at the upper level, 



8(J. ft. 



It 



aq, ft. 

II = radius of tie carta = ffl.Bsilo ft, 

a = aolaoulflr weight of the atmosphere, 

r - the hamenio ww temperafjre In °fl of the atmoapherly 
layer of fchietoess bj-L. 

If the ateoapherio Inyer from h, to )v is divided Into Ji swalrpartB 
: intervale the haraonlo man temperature I* la defined by 



1' -1 . . . 



V.J,: Pbjsios of the Air. Hns™, nil; 
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dwlts the vertloal d8fltjdittti«i«'Of|pMaflBre, it IB ftt-Btl.aecaeBaiy 'tou^^l 
haTB'the taa?«wtnro dlBtribationjoni!^, ?lg. % Starting at aqua f ^ f 
arbitrary level hj vhertf tlie preaBuraij^ la inosa/tha pressure p.. at 5' j«J 
scm higher 1ml hy 1b ceapBtefid eeodrding to eq.(i). fy diTldlng the ,4j 
', ,8tsoBpliore;iiito acatmbeivjQfriBHflli lfljerfl-ithfl'.-wriatioB-: of the jreBsnrO' -v 
t "sc¥iUi Tfilt Ituds le obtained.; "BifloSBthecB^.stafldard a-ieosphere uaa ^ ,V'| 
l; adopted hereto. reprefl€nt;tto'>lcvarspart of.thB.atBOBptiere irp to 65,00a ft.j 
r-^thie altitude 'aerrad'as theaBtartlng^polat^of the pressure calonlatlaifl, 
Khoviag tie pressure sad teapewtiffe, the density is aKprwd £kh 
tlie equation of state • .„ -- f 



(3) 



a - lmlTerBfllgaa aonfltant= I5I15 lb«ft . 



s = fflolsoular veight of the atnosphers. 
Using this system of units, the ^nations for coajmting the 
density Is written. 
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TABLE 4 
















ALTItUDS C01IVEIBI01I 










aiitm 


'AlTH'JllE 


«HBB I 




moraiis 


IlBIISaK! 




H038MDS 




n. 


OFFSET . HUES 


B. ' OF FECI „;j MILES • 


■ jUlLES- 


OF FBI 


I 


20 


65 


6 12.4 


620 ' ' 1706 


" ,i - 323:1 ' '' 


1 26-., 




132 


1 


40 


131 


2 21.9 


540 -;1772 


; ; 336l6 "'^ 


■ • 1 CO ,„. s 


264 




SO 


196 


8 , 37,3 


560 I 1837 


;/; 34810 ' '" 


■'.-. i 7s ';.„ 


396 


I 


80 


262 


S 48.7 


.580 '"1903 


■' 560i« 


'■'. ' IPO "■■' 


628 


1 


100 


328 


1 62.1 


600 1968 


"-'■ 37!i8 


... 125..' 


660 




120 


S93 


7 74.6 


620 ' :, 2034 


386.2 


: 160 '. 


792 


I 


140 


459 


3 87.0 ' 


640 ""'2100 


397. 7 


176 -.' 


924 




16(1 


624 


9 ' 99.4 


660 ,r 2165 


410.1 ; 


200' .. 


1066 ■ 




180 


5S0 


6 111.8 


680 ' 2231 


"'■' 4!2i5 


. ' 226 


1188 




200 


666 


2 ■ 124.3 


700 2297 


435,0 " 


250 . 


1320 




220 


721 


8 136.7 


720 ' ' 2362 


'■' 447,4 


276- ., 


1452 


■ i 


240 


787 


4 149.1 


740 ''2428 


45918 


300 :. 


1684 


■> 


260 


863 


161.6 


760 2493 


,i 472.2. 


. , "325 


1716 




280 


918 


6 174.0 


780 ' ■ 2559 


' ■ 484.7 


560' 


1848 




500 


984 


2 186.4 


800 ;. 2626 


487il -, 


375 , 


1980 




520 


1050 


198.8 


820 T ' 2690 


: "' 609.5 " 


. 400'.: '. 


2112 


i 


S40 


1115 


211. 3 


840 ' 2756 


- 298'.2 ," 


, . ' 426 -. -, 


2244 


360 


1181 


223.7 


860 ' 2822 


.''. 534.4 ' 


, 460." .,1 


'2376 


"ll 


380 


1247 


256.1 


880 2887 


' 546.8 


; 475 .'' 


' 2608 


i . 


400 


1312 


243.5 


SCO "2953 


659.2 .," 


600" ' 


2640 ^ 


'It 


420 


1378 


261.0' 


920 3018 


"' ■ 571.7 


525'. 


2772 


:l 


440 


1444 


273.4 


940 ' 3084 


684.1 "'•' 


663 ' 


2904 


460 


1S09 


285.8 


960 ■ 31E0 


' : 898.S- 


575 ,. 


'3036 


'i! 


480 


1676 


298.3 


980 3216 


fflii'iB- ■ 


600' 


31'68 




600 


1640 


310.7 


1000 3281 


80,4 














1 B. = 3280,8 


1. 


Trt>>«4. 


"- — 


•I' 

"T 


' 
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TJS. 









IfflUIJ 






- 1 








tUOWATOBi COWEBION 










F 


°» 


»k"> 


v »c 


op 


°B 











6oo:" 


227 ,' 


, 440.6 


. MO-8 'i,~i 




-255 


433.4 


26.6 


520 ■" 


247 '" 


'! 476.6 


".'m.i !'.'.: 




-233 


387.4 


72.6 


540 


267 '"" 


; 612.8 


972.6 




-215 


351.4 


108.6 


560 


287 ". 


. 648.6 


..■1008.6 -.v,'i 




-19! 


315.4 


144.6 


H10 - 


307 " 


;' 564.6 


1044.0 ,","" 




-175 


278.4 


180,6 


600'"'' 


827 ' 


' 620.6 


ioBo.o ;, .", 


120 


-153 


243.4 


216.fi 


620 '" 


347 -■ 


'. 656,6 


'.Iil6,6 ".„' 




-133 


207.4 


252.6 


640 ; - 


367 >'" 


' 692.6 


"1152,6 ^ .'. 




-113 


171.4 


288.6 


660 "'" 


387 


720.6 


.1168.5 i^„ 




. 93 


185.4 


324.6 


680 ' 


407 ': ■'■ 


• 764.6 


,1224, 6 .*'". ' ' ' 




- 73 


33.4 


380i8 


TOO ! ' 


427 .'■ 


.; 806.6 


.1280.6 :';,,'. 




- 65. 


S3. 4 


396.6 


720 ' 


'447 


,; 836.6 


1298.6 I,.., 




- 35. 


27,4 


432.6 


740 " 


467 !l 


! 072.6 


1332.6 -J':; 


260 


- 13. 


8.6 


468.6 


■ 760 '' ; 


467 '"'■' 


' 908.6 ' 


; 1368.6 '^.l 


280 


7. 


44 .'G 


504.6 


780 " : 


607 '^ 


944.6 


' ; J40*,6 '."*!: ■ ■ 


.■ 300 


a 




540.6 


SOU - 


627 '"' 


980.fi 


''1440.6 . l..„j, 




«. 


116.6 


676.6 


820 '' 


547 '■' 


; 1015.6 


:'147iJ.6 "■!!"'!.' 


MO 


6? 


152.6 


612.6 


840 


667 " 


: 1062.6 


i UM.8 Ik ■ : 




87 


188.6 




660 ■ 


687 ' y ' 


; 1088.6 


'l648.6 (J p" " \ 


580 


107 


224,6 


664.6 


.neo'.* 


607 '•' ; 


, 1124.8 > 


-1584.6 , . ■y i . , - :: 


400 


12V 


260.6 


720.6 


300 ;' 


687 ■'»» 


,. 1160.6 


■ 1620.6 ■ : .., r ,p * .^ 




147 


296.'6 


766.6 


920 ; ; 


647 '" 


; 1196.8 


ite.6 ■'« ■ - ' 


140 


167 


332,6 


792.6 


940 • i '- 


«7 -;: t 


1232.6' 


1892.6 ' " r ' '• 




.187 


368. S 


828.6 


960 


087 '"' 


1266.6 




480 


207 . 


404.6 


864.6 


980 


707 


1304.6 


1764.6 










1001 ,..>. 


727 \i 


: 1340,6 


"1800,6 ■';' -;^.. . ! ; 








°X= K * 273 ■''''<-* 
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S. Kffi 4 

In-order ' to "aldplif? the eatlmctlon of thajireg coaffioieiit for the 

ptirpWii u'f this. report, H tvaa'aeflunifld tiai tie rohiol* raa.effeaiwiy. 
;looiiloartn shape. 'Since dreg, in almost. all oeflea, la a aeoond order 
"'effaat'.'aufih'en aaaiinptlon is not out,ofJ>rdflT~ Whelf cone angle, 9, 
( 'lias, taken to be 0.? radians. Other values of fi kniayar, sere svEBtually 

chosen for the mora final deaigna. ' ' . 

'f'; rv At auhsonio speeda, tha total of pressure, Motion; end. Oasa drag. 
' ooeffioiwta was taken to be 0*3, share the definition of C_ la 

'■■'■- -'-^ ?:(;-_: PMB ' ■:, •' " ' ■■■ ■ ,. ■■■' ■• 

f.^.f. . D "(l/2SpA k '';;..>,. 1 : '->" :'■■., ;; " 

■ ■-" "... 7 is the. velocity. "■'... 

p is the mass density of air. 
A is the frontal area. 
Ms value «e9 held constant for QOf<0.fi. 

At lo* supersonic apaeda, the wall known »u& of Taylor urn ISaoooll 
is available, and gi78fl vb!ub3 nhloh are shoira oa the cunre oa, fig. 1 . 
Kicetlj theory, iindar the 2- sumption of inelaatic Jjspaota destroying tint 
D^mal jom^ucant of Euien'.ic,, gives £fi for '.he hyperaoni; pleasure drag 

" ' ""' '" "* " " ""' ' ')/ 



options gTfid'Ully 'scraooe,', until at about 150,000ft; .shove ees'lerel, 
It waa nt3lia.ible compared ti the thrust, ' - - ,£ - ■ -_ v 

In ceaaa where long periods of time ara involved, especially rhore 
also tie Refolds nwtitrs Ufa low. it Is rco^Bo™ •« "™ a i-!;r ::r;f.Uj 
dra^s which wouli oV.aMsa seem to ie negligible. Ths dets'.Jefi swlysjus ■ 
of Sanger a.u. others In flair.say hnve given results for hiji altitude, .hltjh 
a conditions similar to iiosa.obtiinad by coaaldering the destructions* 
oil ownfifitun .a e oyuiicer raoso en»>eaotioii ia^the aarae.aa-tliat ot '•ho 
vehlnle, end Al6h approaches the irahJ cle ■ at tea vealcleVjpeed. -under",' 
auch ossu3iptlC7a, it ia found that'Ci = 2.C. • 

AS disousaed elsevrhe.e is this report, there u„a four ragiaes of-' ■■ 
flOf. 1 ■ filial! eta co&venieutly iio characterized hy the ratio of mean free 
path to boundary layer thicldoaa, or by the r'-io of tfeah nuabar to square 
root of jlaynolls number. Hie flot on fip, 2 iiowa theac regimes pad wharf) 
in thasa vsriiu;, realms, tha space vehicle files, it will ba acted Uiat 
a" fig; I w dreg data are -Wan for the slip or unknown reglona, In " 



^ afe5-Kag2M9W V-*--- 'fanu'laitta _■...-'' : H>(ff ','; ,'^;„, #1033 . 
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, Mi^EfflMjtf.. % I^mSlQiiB Of k'otlsn -of .a Body BoTlnft at Great ,. 
3pWs Hear the Surface of the garth in tha plana ollhs Maafor. la 
this appendix^ tntf' equations of action of a body will bo developed In 
.-, a form^euitable : for use in, calculating tha.trajeatory followed by the 
tody as it ia accelerated to the proper epeed and direction for orbital 
motion. -ThSjanalysla is confined to action in the plane of the earths' 
equator because this is tha only case eon- " : 

eidered in toe calculations of the aaic 
-,W. " 

■i He. shall tafce the follouing as vari* .....-■ 
ablaa characterising the motion of the. 
body: r, the radial distance to the body 
from the center of the earth; to, tha 
longitudinal angle of the body; and t, 
ths time, ffe shall oall a, the h&sb of 
the body; g, the acceleration of gravity; 
It, the gravitational constant; M, the 
earths uBfle; E, the radius or the earth; 
andj2 , the angular velocity of the earth. 

tte kinetic energy of the body la 



![f 2 .,V*} 2 ] 







rociM CESicn of amiMiWmnci3- 



If Ha fom Uib La Grangian function L ■ lE^U^then^:;-^^ " 

- ■•■■■■ |iyry' ta} 4^.4-* f ,' ..- 

where ?_ and'K are ttta radial and'tangantial components of all tha 
externally applied forces. - '% ? ~ ■ ' * ' ' ■ " 

ffa now rotata our coorflliate ''systeB so that the vector resohti 
are parallel and perpendicular' to. "the i - ' - ' - ■'-" ' 
trajectory. »fa designate'by'v'tiie-' '-' ir ' - 
velocity of the hody measured from a 
frame of reference -fiiedltf'the eerfih 1 *- 




between the radius vector and the 
tangent to the trajectory measured in 
coordinates filed In the earth. The 
above equations become 

vc iin 8 - mr (?*Si] 2 Bin 6 ♦ 2 nr (f +A) coe 9 + nrrws 8 + ^^ - T-0 

share T-D is the thrust minus the drsg 3 along the trajectory and 

I ia the lift normal to the trajectory (positive whan. in the direction 

♦T./2). 
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i 'f,r:x 






rrif.aL 



now alMnete derivatives of r and p by noting .the fo!lo»thg: ; . J 

',.•■ ■■'■ 1 
„fco'e9 - T'eln '9 6 ■fr-flCTSoB-Ot 



These give, upon' oubatitutlon in the eouatlona of. notion 
.i, - . n ^ » . »i< sin » . . i, , 



r(- — 



-2siv 



c fle can readily evaluate the gravitational' cbnatont bec'auae w know '* 
'-that'ishen'the tody : la%andin{f etnfon the earth'a surface', an external | 
force fflg la required to keep it in equilibrium. Putting v °°i'^6 - Q - I 
T- D« and! " n£ and£ « R,\e have **< ^^^-k.; '; ; f||^ 

-aBJiS^-ng or k li . g l 2 » aV, 
8 

Subatituting this value of W. beck Into the equations of notion, we have 



s 9 (v ♦ ifl.) - 2»vJl (1 - 



!«)' 



.")». 8 E 



It la of interest to investigate the significance of the. various 
terns in these equations. la the first equation, which represents an 
equilibrium of forces in the direction of motion, in v, f and D are the 
factors entering the farmer mass X acceleration » foroa. Ifoa terra, 
ki rJL aln la the component in the direction of motion of the centri- 
fugal force caused ty the earth's rotation. The tens. HiilLjLi^Liiii 



^TT-rr-T-r- — — — - ; ~~ r — — ~- 

U i,:0^.i^iw;.ooy^^vViRC^Fr.'Co^lP*^lY^!^c:^•irt^Ml^i.. 
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•^ ''■ ' ■' ■>;'•■' ;:''■■■ '?; ■■ _ .Appendix -.CM 

is the corresponding component of the earth's attraction flhen account is ^ffji 
'taken of the fact that thia attraction will impart an acceleration of,lg j& 
in the presence otvtha earth' iTrot'ation. In the second 'equation, tfhieh . f 

3 represents etpdlibrim of .forces perpendicular to^the direction 'of motion, ;■■ 

in the plana of the equator, the term m v ft 1b the centrifugal force as f, 

...... , ., ,, , • ,,,,«,„ ... ,,„.; 'J 

seen from locafearth coordinates. "The terra' ~^r '(v+' Ml) is the !t 

component of centrifugal ! forc"e of the'-total rotation' around ''the earth, * 

The term, 2 m v (1 - cos 6) can be interpreted aa the apparent force 

that" causesTTbVdy, ejected!Out»ard from the earth, to be left'behind 

.^course, the cpniponpnt of the earth 1 .a a^t-actdpn, to, nonal to,±he, direction ji 
4 of motion. m _ ,.,.,..,. ,'. ' ., < . ,_,, .,< .', „ ^ ,. L r . ■. 

,. : Using the 'above, eq^tions, we shall., investigate tho^iisple esse of ' \», 
the free motion of the vehicle in a circular orbit at the earth's surface 
neglecting air resistance. For this case we out 1 = 8=6 = 0; R=r 
and the orbital velocity is determined by the relations 

■?■ 2 2 

~ + 2 v-rt. + IK - g - RA* = 0, 

v = fUU \|{fU) 2 +glT 

Using an equatorial radius of 3,9&3 miles and a value of g ■ 32.036, 
v = - 24,319 rt./eec. ar.c 3?, 36* ft,/sec. depending on Aether the 
vehicle is mcvir-T with or airaifisl the earth 1 s rotation. 

It is Seer, that Ui«f? vslu'S differ only slightly from the values 
of -2i,2S5 ft./iec. es r,33; .':./*«• given in Chapter III. 
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Tha TBluBa of Chapter III were computed frora.a simplified formula 
v • Ml-fW " udl »»Bl»='e "a •Mm' "' theearth'a rotatlon>on the 
apparent gravitational attraction of a stationary object. . This drf f er- 
ence In attraction la snail, eraounting to only about .6$. 

aeturning to the equation of notion to ba uaed for the trajectory 
oaloulatlonj, «• shall pat the altitude, h ■ * - B. Tor a trajectory 
100 nlles high, j " 2-1/2J, a quantity ohoeo square can bo neclectsd 
oonpared to unity, Ueirg this approximationi tha equations take the 
torn 

|-3B3lVn»- 8 (l-2|) slnO.^,, 

If the terras in the above equation are examined for order of nasal- 
aide it la aeen that 3hJl Is alrays mall compared to (.' Consequently, 
ne C3n maintain an accuracy of better than $ using toe-following 

*» 11 Si ,i„ n 1 T ' ° 
jj--6(l- r ) ""V 

M.J(i.i) 0m «.2ji'.Ji — 5' ™e.X 
dt s l h' ■- •' it 

In the step by step calculations of trajectories, a preliminary 
oaloulattafnus utuelly «ada neglecting | Minaret to unity and later 
the results uere corrected for theae snail tema. 



t&MwtMUvi '! »:^^v $■' »3v'.-'..t , v: i *t(d.s-(,n ' 

■A = Maximum 0io88-s8ctio^[4Eea^?8b,iBlj8n.* 

D a Drag, 

g => Acceleration of gravity at 'earth's surface, 

h =■ Altitude j 

I * Specific impulse, 

T = "Distance from earth" a center to. Tahiole, 

. ' fi =■ "fiadiufl of earth, 

t ■ Burning tlfle, 

7 « Velocity of vehicle, ' * ; ' 

fit '-, : \ a Circumferential Telocity of earth" 

1 ,; <' I » Instantaneous jnaaB of v&Mole, 

x = Distant projected OC earth's Surface, 



. d Angle thrust ftattea tjltft flight path (tlH), 
- Angle of inclination of flight path to earti 



J. - (loaor) first three burning periods, 

-" = (upper) fourth burning period 

£ » Coasting; 

a Initial condition j 

1 ■= Beginning of eu interval, 

2 = End of an interval . 







: thrust terms. 

fle shall first reties the geaeral method of calculation, using 'as an" 
example the four-stage alcohol-oxygen trajeatory, Hsthods tat the -other <:■ 
i preseated are similar. The Yefcicle tmala vertically for half the " 
time of the first burning period aftar which tilt it applied^ The tilt 
;il ths end of the third turns,; jx-riod at which tlr.e 
coasting begins. In ths last buraiag period a new antjln if tilt ia held 
constant, BecaUsa a knowledge of altitude ia nwo'.red Id the ea! sulatiocs 
for the first and second periods and ccostirR. twee "iffl;.utatioao "ere 
made as a group beginning at aea I«v„l ~ : .i .,-„:■ i'„i :;ftor ousting. 3oca::jo 
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...a final Telocity conditions are to a first approximation independent 

of altituSe, m calculate the fourth period backward, from the first 

j aet of calculations, tie obtain h fl^V.^tk- at the beginning of 

Boasting for uarious faluea of 7 and a, (plota shown in figure DJ,, S2, 
D3). Front the second eet of .caloulationa, plota (Fig. D4, D5, D6J of 
i G ,il Y„-, ih tarsus V and a are made. The oosatiag trajectories 

•ere computed from the aquations for elliptic orbits shich are discuaaeS < 

later.'- ■ - ,.e ' .. ; . .:■■■' ; 

To determine an actual trajectory, these plots and the coasting ; ) 

'■ caloulatiofiB are used to solve 'simultaneously the folloning aquations: \ 

■tiX a +M* + iv * Orbital speed (depends on altitude) '' J ' ■ I 



& Ik +ih c tAn = Desired altitude 

With four independent variables (V , a,, u andih c } and three 
restraining conditions, (orbital Telocity, direction and altitude) ne seek 
graphically the optim trajectory for the vof the proposed daeigna. 

The actual Step by etep Calculations in the burning periods differed 
Somewhat between the burning periods. In the first burning period equation 
(2) had very little effect on aquation (1) so that Ua effect oa V as a 
function of t could he handled as a small perturbation of the results of 
(1) after its completion. In epittt of ohla simplification, the calcula- 
tions in the first burning period were the most difritiult since the drag 
»ae large and the variation of I waa confliflersble, If (1) is integrated 
for en lateral in which I and - could bo considered coust&jit, »e have 
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• A seooad 'integration 'yields" ,Jts '' ,; m ' J ■'■■'' ' -I*'" ^■.\?J3W-> 

. V h i ■ (V Bl,(t 2" t i ) ! * 7 ' ^ ) l0 * (kJL -rtiA^' -■ I 

,,...,,,,,, . .,*;* ^^,^,;,,, ■ * 

The second equation is used to determine the altitude necessary <f,or 6 * 

knowledge.^ I Md~«ij4^ : j., Jjm , n8r ,^, m i the,densltyjln ^ , . i 

...depend only o»,eltituae. ;the'jaot;that,)ll)seilil iejtlin84nt«8ls{4d enable! lie 

.V'V.';. ■,. ! : ..*" .■'.-. ■ '.•■ 

to take rauea larger, stapSgthaii^qGomoletef.lteratlon prooesa-^oald requlrel ■ 
, BS'lng .e!tabllstad,yja ; ajfmio 1 tloa,oJ.li, ie.can uee It in integrating P! 
in a similar fashion! , ' ; 

AS.ft^l.I^I^UtV'sJ 1- Y | ' 

i-v!i, 

*B 
from this, »e obtain 8 as a function of t to. comet tin original velocity 
calculations. 

In the second burning period I la constant and D ia negligible over 
» 
•ojt of the period, lama, the Terlation In 9 le uo» appreciable so 
that squations(l) and (!) nut be iterated simultaneously. 

The follming remit! apply for all burning periods eioopt the first. 
The partly Integrated equetiomfor a a E all interval a-cr; 
(D^V.-gTcoe^og/^. em&t 
1-^i 
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i equations of motion of a body i 
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If the departure fROMt A circular orbit is s™all 
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f. psBimmATioK ■ ' 

Ortlt al M otion Untlar thq flewtonlan law * - In this appendix, the 
equation of motion of e body will be developed in a form Suitable for 
uflo la calculating the trajectory of 8 body after it nee been accelerated 
to tha proper spaed and direction for orbital motion. 

The body is treated aa a particle of unit mass acting under a central 
force varying aa tha invarse square of the die'teace from tha oenter of the 
earth, in accordance with tha Jlawtonian law of universal gravitation* 

If (r,j() be the coordinates of the body with respect to the central 
force, tha kinatie aner^y of the particle is 
T=l/2(r 2 +r 2 2 J, 

Letting P denote *.h* acceleration directed to tha center of force, 
tha Boric done by *.te fcrco it in araitrary lnfiaiteeinal dlBplacament, 
(dr, d 0) 13 equal t: -Mr, 
The Lagrpsglan e^wtione o! r.c.loa fo- the pirticia ara 

The latter of these aquations gives on integration 

r 2 ' H, 
ahere H is e constant, This integral COrrsSpOnda to the ignOrable 
Coordinate $ f end can ba interpreted physically as thjiintagjal of 
angular momentum of the partiela about tha center Of fore*. 

filMnatloe dt from the first equation by use or the relationship 
* Khittakar/A Treatise on tha Analytical Dynamics of Particles and 
Rl,3id Bodies", Carabridge 1937; H>. 26-90, 
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Letting a » -™ , m obtain the differential equation'of tiia path, 



If tits particle bo projected' from tae point whoa* polar ooordinatea 
era (R , a ) with e velocity V In 8 direction aaitlng an angla if wltii R . 
tit« angular mo^ntui Is' 

H - R v sin X ' 
If the central fores per unit m3s be Jl u ; then ■ 

P ..M 2 . 
Substituting this relation In equation (1) ne have 



This la a linear differential equatloi 
Integral ie 



io efficients whose 



V.^v 



3 of integration. Me le the equation of 
a conlo in polar coordinates ihoee focus is 1 at the origin, irhoae 
eccentricity 1b e, end whose seni-latue rectum is 



dstermlnefl the poeition of the apee-lin*t 
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Initially ifs nava 






,..,.. 


, du Ml"' 




Eflaofl," it (follows that 

^ - 1 1 -fi- 
ll 


aia\ Ij^jtoV 




cot (ft-5) * 


-» , 


wr .' 


^Alntfooiif 


Tlw sasl-^aajor ails, *b«i ooju 


fl 1b an allipee, la genarally denotad 


by a, and la given by 






* w 1 ' 






Substituting tne taluea of a 

a 


■ 
and I already detamlnad, Ha bava' 


a = „s_ 






a: nr 






whleh' deteanimfl a is tenas ,of tao initial Ma< 




If V be the ortJitalTslocity of tho parti ale, 


then by equating 


central forces, 






2 " T 






For ?:» R , this gives V 


-j^ . Mioiog V 


by tsa relation 


T « " 'o '' 


~], »« obtain . 




O / 


*f ' 
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Making thiB BUboUtutton in the eouatioiia previously derived, we flare 



m the .cent 



.k'ri*V!-ffl 



If R ba tho oinkua radius of tiie orbit from tha .cantor of the earthy 



It will bs useful to fcnow the dlffarenoa batwoen tha maximum and minimus'; 
distance of the orbit abova tho earth's surface. Denoting this quantity 



If 19 «iflb to know tho requiroaVboigitt at the start of tho c 
for gmn values of Aa , R i , and r— i "* ftn* 



•*1 [■■(■•« 



Lotting^ ■ B -8 , danota tba aarimum altitude loss with reepeot t 
ths fltflrtins altitnidfl, va gut 
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The following pagos contain plots o 


f tha relationaMps between the 




major oharaoteristias of the orbit. 
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Appandix P 


Development of Approximate Orbital Equatl 




Let I! - 
V = 


Radius 
Telocity 




P ■ 


Inclination to the horizontal 


T c " 


Equilibrium Velocity 1 


circular orbit at R 


AV . 


V - V 




ih = 


"o" \ 




5 • 


m 

R 




Subscript zero denotes initial condition 


Conservation 


v 2 ; T 2 = R - 1 




of energy. 


\\ r 




Conservation of 


111 2*1 * 1 




Angular Momentum 


\ '.«p. 




Eliminate V 


W aoa 2 g 


i V-i 

R 


\ "o 


8 la 


mininum (or maiimum) « 


banf^O 

. R , 
„ _ . i' 






- 1 ■ 2 8 » /R \ 
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let B 


= 1 


■6 


V 

; 


= V 


.*, 
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-u 
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■9mm k» 


CQsSSJHlCiH OF OBBIT 




Lat T ■ 


Tfiruat 


. . 


Hasa 




T » 


Velocity 




I . 


Impulse 




"f" 


Fuel Woight 




» ■> 


dTQSS Bsigi)', 




C = 


Exhaust vslooity 




B- 


Inclination to the hortz<.n ,, al 





(A) Correction of Apgi* by Tamst 


i to night Path 


I 4t » iff 




I = lipuln S'-O » 




« t » si * sjLa 


■M 


5 .{5)1? 




(3) Corrsction of Velocity by Thrust 11 to Flifiht Path 


t a = »»v 




I - Ilfulsi " ■» 




C 




Si-IB 
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(C) Corrootion of Veloaity and 


Allele by Thrust in One Dlreotlon 


Tflt sin 6 = bV 




Tdt ooa B => BflV 




(4 *(4 2 


- 1 . 

- M, C 

8 


i ijf ty* * f® 


%-p'- 


3 1 


(5) Correction of Anglo by Aerodynamic Forces 


lit * »dv 


'■"(S) 


|~) i Ddt - idv 




Sotting D = T 




(jlx Tdt = «JT 




* -(Mf) 
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Q, TjE M3pQRCTl-p r ffiPkABaiTY FORMULAS 

In the section of Chapter 11 dealing vi-fiu tie probability of e meteor- ■ 
He hitting a satellite vehicle, certain nrobabllitiaB and probability- 
based time intervale were presented In the Tables, $he derivation of the 
formilflB uaed to compute these quantities iB given below. 

The aeteoritflB entering the atmosphere viU be aeeumed to here a random 
diatrlbution both as regard their surface distribution over tie atmospheric 
layer surrounding the earth end aa regards their occurrence with time. It 
is assumed that the meteorites "travel through the atmosphere along the" 
vertical and that the planfora area of the vehicle is normal to the vertical, 

It ie not difficult to see that the meteorite velocity and the vehicle.-- 
velocity are not involved in the computation of the probability that a 
meteorite vill strike the vehicle. This follows essentially from the 
assumption, that the distribution of the mateorltee la random with reapect 
to Burface area and time. Thus there vill be a certain number fi of meteor- 
ites of specified else vhich enter the atmosphere in each 2f| hour period, 
end for any exposed am A, it ie equally likely that tMe area vill ba 
hit regardless of where it may be situated on the surface of the atmospheric 
shell. Thie means that the area is equally likely to be hit whether it la 
moving or stationary and therefore the Bpeed of the moving area Is immater- 

. , 

let the unit of time be the hour and let an eyept be said to occur 
vhen e Hateorite hits ■the vehicle. Then the average number of events a 
tfhich xcur in a unit of time (1 hour} is given by 



-fey-g^fi ,., „__sAmjMica punt Mrtt^jxift 



end the average time t required for tha-( 
of this, or 



It la obvious that the probability of tie occurrence of an event mas 
Iwease aa the time t increases. The way In vhiah the tine aust enter 1 

(D,(£) 

determined by the falseon exponential. When an great happens on the 
average once in the time t, the average number in cf eventB in the tine ' 



Then, according to the Poiason distribution, the probability p that the 
event will happen exactly r times In the time interval I is given by 



where e ie the exponential, a : 2,71628. further, the probability p^ tha 
the event vill happen exactly caca in the time T is 



J1 = .V ■ - (5) 

The probability p that the meet mil fail to happen lj> ths tin I (i.e. 
for the event to happen Jero tiMes) is, from fi), 

P„ ■ p(0) = e"" (« 



(1) Kenney, J. J.: Hathemtlcs of Stetutioe. J. Ten Joetrena Co., 
»ev Tori, ljkl, p. 29 Part 2. 

(2) IraefflSn, H, ft.: Industrial Statietlca. Joan Wiley end Sone, 
New York, loi)2, p. II19. 
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If p 1 denote the prolaMlity that tae event cocul 
tijle T It follovs that p +p s 1 end therefore 



Pi. : i -•"■- -. w 

Inserting the value for a, the value for this probability beccmfflB 



h*' l -b] 9 w 

Thle Talus of p 1+ gives the probability that the vehicle vill be bit at 
least fttt c e In $ hours. It does not eicluds the possibility thet more than ■ 
one hit vill occur in this time interval, and in fact, definitely allpve 
that more than c&e hit may ocoVff, Eovever, although p does not spooify 
the probability of the exact number of hits in the time T it ia considered 
to beet repruBeni the type of probability Vhich is met significant since, 
from Eq. (8), it is eesn that p 1+ : for S'or It and that p i , increases 
as K and T inareaae. 

The probability pj_, «, the other hand, vhich from (5) may be written 



2l,k 



•1 2iA 

does exclude the possibility of note than one hit and refers only to 
ejactljr one hit, no more and no lees. " It is avldent tlw pj_ is a much acre 
restricted type of probability than p. and has the odd characteriatic of 
beooalng emaller vhen the number H or J in very large. This of oouree 
follova from the fact that since p refers only to exactly one hlt> tthen 
H or T become larger and larger and there are thus more and more nhanauB 
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for a hit, the qhancafl that the Yehicle vill be hit otdy tiuae *ili beooae 
■'' smaller. 

Wx> third probability; of Merest p Qj thaiprobajilitj ftr?ai;hifr;at' 
aUy^Sr.BT&h&ted'fraa 



p - H •"■",..- ' -,-.< 1011 

, (8), (9), and (10), U Is seen that ae the tine T increaaee, 
p approaches 1, p must go through a maximum, and p approaches 0. 

Certain proteMlity-baeed.tiBe ictsnalfl of Interest aw ae follove. ■' 

(ft) She titce eiioh thflt thevehicls has a 50 to 5$ chance of Hot 

' being hit, la this case p ; 0,5 end the oorraBponding time 

to satisfy "thifl condition Kiil ha danoted by T (0.5J. Iron 

(10), this is 67Binat«d from 

5.96 1 IP 13 



'"•"-Ef 



(in 



?rhers the value - 
(b) Eia tiice such that 

being hi! 
by T (0, 



T (0,99)-' 



7ehicle has a 100 to I chance of not 
In this case p » 0.99, and denoting this time 
it follows frora (10) that 

U37 i 10 12 ,,. 



. J**, 



<"» 



log 0.99 ■ 



(o) ' Hie time' such that tile vehicle haa a 1,000 to 1 chance i 
not being hit. In this p ■ 0,999 and the corresponding 
Una T (0.9991 la el™ ty 

1,07 I 10 11 



1 (0.999)" -7j7-^ 



S 
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Before presenting the various probabilities^ a few remarks vill lie 
made concerning the number B. In computing the probabilities of a Mt, 
one may consider either the total number of meteorites of all eisea, or 
only the total nattier of a certain size, or-elae the total number of a 
certain size piss all those of larger size, &< cfflwidering the jrobaMl* 
itiee of a hit by a meteorite «e are not especially concerned vita the 
entire total numbsr of meteorites of all possible sizes ainae many of thsse 
are too small to do any damage, .(h the other hand ve are concerned vith 
meteorites of a certain given Bise and especially those sizes which can 
cause damage and at the same time occur vita, considerable frequency.' 
Fartharffiorej since then considering a certain given size the total number - 
of all larger sizes may he appreciable, this suggests alao the considers* 
tioa of the total number of meteorites dotm to and including those of 
given size- 

The number of meteorites for theae tvo cases are given in Table 1, . 
vhere meteors of magnitude less than -3 haye not been included since they 
ooour too infrequently to he of any importance. The table is baaed on. the 
fact that vhen the magnitude increases by 5,the number Insreaees by 10 and 
therefore for a change of 1 magnitude the number changes by a factor of 
2,5. Thus, if there are H meteora of magnitude H in each 2fc hour period, 
there vill be* 

- (U) 
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The sum of all those of magnitude 


-3 tip 


6 and including magnitude H is 




given by 


a 


a, 






5 

s B ■ a i no) 


> 


5 

(10) 




(15) 


Using tue relation for the an 


-3 

sof a 


geometric series this reduces 


to 


tie fori 










Sj-— ~— ■! j do) 5 


1 - (10) 5 


(H * 4) 




10 ' - 1 










Choosing a asteor of siapitiide a 


6 a basis for the Con 


iutatioa, M ■- 




N » i50,000, and the numbers are 


tha& computed fran t 


e relation 




a 










» - 1.5 i 10 J s (10) ! 


and- 






-(17) 


r a 










\ - 747 1 io 5 do) 5 
-.■' Comparing the seines if N sac 


- .025 






(18) 


Table 1, It 1 


seen, that for 


magnitude 10 for 9*an;le '.to r.u-ter 5 i 


about 66 par 


a eat greater than 


H, a not inconsequential increase. 
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$0X1 






paeiih, md ictn wffli w kiukhk 


Magnitude 
M 


Umnber of 
Magnitude M 

(>) 


lotal Hunter tt» -J 

Ijp to and EBludlEg 

Magnitude K 


•5 


2.ft 1 10 1 " 




2,84 i lO' 





4 .J 1 10 5 




7.S8 I X? 


2 


8.84 1 10 6 




4.72 i M 6 


5 


4.5 i 10 7 




7.47 1 ID 7 


6 


■• 8 

L«2I 10. 




1,88 1 10 8 


7 


2.84 j 10 8 




4.72 1 10 


8 


. 7.14 1 M 8 




1.16116 s 


9 


9' 
1.795 * 10 




2.98 J K) 9 


10 


4.5x10? 




7,471 10 9 


12 


2.84 l 10 10 




4. 72 1 lo 10 


« 


4.5 1 10 U 




11 
7.47 1 10 


20 


4.5 1 10 15 




7.47 1 10 15 



2 5 4.5 1 10 15 7.47 1 10-' 

30 4.5 1 10 17 , 7.*7 1 W 17 

a 
I "4,5 j 10 5 1 10 5 , fnjEq, (17). 

• \~ 1 
Sl - 7,i7 1.10 5 10 5 - .025 . f™ »»• l 1! 
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J &wJjpsan* of Stability SguatlonB 



V = Telocity (average }* ' 
B t radius MBoaotar or earth, 
M = pitching mm% ' 
I tt Jtobeat iff Inertia 
', d - displacement of tin-net site from CO* 

*'■ ... . 

1 U 1 

W»reKs.j^ eta rsprsaeai magnitudafl of artifioiallj appllod 
restoring and iaaping aonenta and IL ifl an Integral term neoessaiy 
for approaching the correct flight path angle vken eccentric throat 
is preseni. The terms £t ) A £/ sto correspond, to time . 
lage in application of these omenta. 



Differentiating the equation and eliminating '£ 

2! J . n J 

27 



1- Kle+A^i^iifhwfejAti&uti'itl 

ii J T L ii ■ J 

r L ii J T 



J i 

For small tins lsga the equation heeomea ; 



&t^-K 1 lt9[-Kr&lltS[-M]tef-Ml-0 

loMltlom for atalllltj are that all coafflclenta of © , Q 
noBt na positive and that 



Either £* or £> can bo omitted vithout causing Instability. 
to fliiiplify analysis omit % vMch vould protebly 1)9 tile more difficult 
term tc applj in practice. 

Sines all values of £ are normally negative it is evident tliat 
the first stability condition ie satisfied. Eearranging the aeaccd 
condition and assuming negative values for fy, £}_, etc gives: 

This indicates that &; Bhc'uld be large, and (if a value of Kg 
is eataUlB&ed} that ^1 should approach Wav jL 1 



PB&BffiKHT DEolflN OF aJSLLHi VEH1CLE; 



f BjMtm Btaaea 
H - pitching Boaotit 
I ^ aaaent of lhart'la 
T - thruat . ■ 

d r displacement of thrust axis from Cfl. 
e = actual heading 
s = design heading aa a predetermined fraction of time 

■- M-l'i / •' 

Baglecting tlma lag 1st 




= ^|(€-S)cW +^^51+^(6-4)^ + ^- s£ 



Where Kand Kg represent magnitudes of artificially applied ■ s 
restoring and damping jJraeEta, and 2q ia an integral tana neoeaBary 
for approaohlDg the axaot desired heading whan eccentric thruat ia 
preBent. The tern S is artificially a^risd aa'' a predetermined 
function of time, 

Piffersntiating the equation 

cr S + iHO^Kl^K^o 



vhere {jj = £ _ £ 

For stability the coeffioianifl of <js, 4 etc mat all he positive, 
and alitoe K3, Kwand 2b ^g nornallj negative thia aondition 1b aatlsfled 
AIbo for stability 



?R^IMINARl\ DESIGN- OF, S-ATEIXHX VEHICLE 



^ c) General 

Future Investigations of stability night well be approached In a 
some-whot different manner. Since- these systems are stabilized by 
entirely artificial Deans It vould seem desirable to stipulate the tffpe 
of motion desired and the damping and then determine the necessary 
values of Kj Kg etc to accomplish this. This approach should- be' 
mathematically simpler also. 



